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Abstract 
 
In recent years, the trend in the mobile communications market has been towards thinner and 
mechanically more complex terminal devices, which are able to operate in several wireless 
systems. Due to this development, miniaturization and performance enhancement of internal 
mobile terminal antennas have become major challenges for the industry of the field. Not only 
should an internal antenna be small in size and broadband, it must also be able to ensure 
reliable power transmission in a real multipath propagation environment. A well-known way 
to improve the reliability of a radio connection is to use multi-antenna reception in the mobile 
terminal. In multiple-input multiple-output (MIMO) systems, multiple antennas are 
additionally used at the base station. In both cases, fast and reliable methods are needed for 
the performance evaluation of multi-antenna terminals. 
 
In the first part of this thesis, the main benefits, drawbacks and applications of coupling 
element based mobile terminal antenna structures are studied, with special emphasis on 
antenna miniaturization. Optimum shaping and placement of capacitive coupling elements are 
first studied in this work. Next, it is demonstrated by simulations and measurements that the 
bandwidth-to-volume ratio of a mobile terminal antenna structure can be improved 
significantly by using optimized coupling elements instead of traditional self-resonant antenna 
elements. To facilitate the implementation of coupling element based multi-resonant antenna 
structures, a theoretical study on the dual-resonant impedance matching of non-resonant 
coupling elements is also presented. The feasibility of coupling elements for multi-band 
terminals is demonstrated with a novel quad-band GSM antenna, which consumes a total 
volume of only 0.7 cm3. Finally, a novel frequency tunable matching circuitry designed for 
non-resonant coupling elements is introduced. 
 
In this work, also the bandwidth, efficiency in talk position, and SAR (specific absorption 
rate) of mobile phone antennas are studied as a function of frequency over wide frequency 
band (0.6 GHz - 6 GHz) by applying the idea of coupling elements. The results show that 
below 3 GHz the three parameters are strongly affected by the resonant wavemodes of the 
chassis, whereas above 3 GHz, the wavemodes of the coupling element dominate. In addition 
to the above, the resonant wavemodes of the chassis of a clamshell phone are investigated in 
this work by using coupling elements. The results bring out several challenges, such as a non-
radiating resonance, that an antenna designer may face with clamshell phones.  
 
The second part of this thesis concentrates on the performance evaluation of mobile terminal 
multi-antenna configurations. First, the accuracy of a novel measurement based antenna test 
bed (MEBAT) is thoroughly studied. After this, the performance of several mobile terminal 
multi-antenna configurations is systematically investigated using the MEBAT. The emphasis 
is kept on the power reception properties (effective array gain or EAG) of the multi-antenna 
configurations. An accurate and fast theoretical way of predicting the median EAG of an 
antenna configuration is proposed in the work. Based on a comprehensive analysis of the 
theoretical and empirical EAG results, guidelines for optimum radiation pattern characteristics 
of a multi-antenna configuration are given. Based on the eigenvalue dispersion and capacity 
results obtained in the studied MIMO environments, it is concluded that it may be difficult to 
affect the spatial multiplexing properties of a MIMO system by means of handset antenna 
design. The presented results indicate that a handset antenna designer should mainly focus on 
maximizing the EAG. 
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Tiivistelmä 
 
Viime vuosina yleinen kehityssuunta matkaviestinmarkkinoilla on ollut kohti ohuempia ja 
mekaanisesti monimutkaisempia päätelaitteita, jotka kykenevät toimimaan useissa 
langattomissa järjestelmissä. Tämän kehityksen johdosta matkapuhelinten sisäisten antennien 
koon pienentäminen ja suorituskyvyn parantaminen ovat muodostuneet merkittäviksi 
haasteiksi alan teollisuudelle. Sen lisäksi, että sisäisen antennin tulee olla pienikokoinen ja 
laajakaistainen, tulee sen myös kyetä takaamaan luotettava tehonsiirto todellisessa monitie-
etenemisympäristössä. Hyvin tunnettu tapa radioyhteyden luotettavuuden parantamiseksi on 
hyödyntää moniantennivastaanottoa matkapuhelimessa. Multiple-input multiple-output 
(MIMO)-järjestelmissä useita antenneja hyödynnetään lisäksi tukiasemassa. Kummassakin 
tapauksessa tarvitaan nopeita ja luotettavia menetelmiä matkapuhelinten 
moniantennirakenteiden suorituskyvyn arvioimiseksi.  
 
Työn ensimmäisessä osassa tutkitaan kytkentäelementteihin perustuvien antennirakenteiden 
tärkeimpiä hyötyjä, haittoja ja sovelluksia painottaen antennien koon pienentämistä. Työssä 
tutkitaan ensin kapasitiivisten kytkentäelementtien optimaalista muotoilua ja sijoittamista. 
Seuraavaksi osoitetaan simulaatioin ja mittauksin, että matkapuhelimen antennirakenteen 
kaistanleveys-tilavuus-suhdetta saadaan parannettua huomattavasti käyttämällä optimoituja 
kytkentäelementtejä perinteisten resonanssityyppisten antennielementtien sijaan. 
Kytkentäelementteihin perustuvien moniresonanssi antennirakenteiden toteuttamisen 
helpottamiseksi työssä esitetään myös teoreettinen tutkimus ei-resonoivien 
kytkentäelementtien sovittamisesta kaksoisresonanssiin. Kytkentäelementtien soveltuvuutta 
monitaajuuspäätelaitteisiin havainnollistetaan uudentyyppisellä nelitaajuus-GSM-antennilla, 
jonka kokonaistilavuus on ainoastaan 0.7 cm3. Lopuksi esitellään uudentyyppinen 
kytkentäelementeille suunniteltu taajuussäädettävä sovituspiiri. 
 
Tässä työssä tutkitaan myös matkapuhelinantennien kaistanleveyttä, hyötysuhdetta 
puheasennossa ja SAR- (specific absorption rate) arvoja taajuuden funktiona laajalla 
taajuuskaistalla (0.6 GHz - 6 GHz) hyödyntäen kytkentäelementtejä. Tulokset osoittavat, että 
3 GHz:n alapuolella näihin kolmeen parametriin vaikuttavat vahvasti rungon resonoivat 
aaltomuodot, kun taas 3 GHz:n yläpuolella kytkentäelementin aaltomuodot dominoivat. Yllä 
olevan lisäksi työssä tutkitaan taitettavan puhelimen rungon resonoivia aaltomuotoja 
kytkentäelementtien avulla. Tulokset tuovat esille useita haasteita, kuten säteilemättömän 
resonanssin, joita antennisuunnittelija saattaa kohdata taitettavien puhelinten kanssa. 
 
Työn toinen osa keskittyy matkapuhelinten moniantennirakenteiden suorituskyvyn arviointiin. 
Ensin uudentyyppisen mittauksiin perustuvan antennien testialustan (MEBAT) tarkkuutta 
arvioidaan perusteellisesti. Tämän jälkeen useiden matkapuhelinten moniantennirakenteiden 
suorituskykyä tutkitaan järjestelmällisesti MEBATin avulla. Painotus on 
moniantennirakenteiden tehovastaanotto-ominaisuuksissa (effective array gain tai EAG). 
Työssä ehdotetaan tarkkaa ja nopeaa teoreettista tapaa antennirakenteen EAG:n mediaanin 
ennustamiseksi. Teoreettisten ja empiiristen EAG-tulosten perusteellisen analyysin pohjalta 
annetaan suosituksia moniantennijärjestelmän säteilykuvion optimaalisille ominaisuuksille. 
Tutkituissa MIMO-järjestelmissä saatujen ominaisarvohaje- ja kapasiteettitulosten perusteella 
tehdään johtopäätös, että matkapuhelimen antennisuunnittelun keinoin voi olla vaikeaa 
vaikuttaa MIMO-järjestelmän kykyyn muodostaa rinnakkaisia kanavia. Esitetyt tulokset 
ehdottavat, että matkapuhelimen antennisuunnittelijan tulisi pääasiassa keskittyä EAG:n 
maksimointiin. 
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1 Introduction 
 
1.1 BACKGROUND 
 
The rapid evolution of wireless communications systems and terminal devices has made the 
implementation of small multi-band antennas one of the main technical challenges. The 
number of wireless systems in which multimode mobile terminals are required to operate has 
been growing constantly in recent years. As each wireless system needs an antenna and 
typically also its own frequency band to operate, there has been a pressure to increase the 
volume reserved for the antennas inside a mobile terminal. Possible use of multi-antenna 
reception, e.g. in MIMO (Multiple-Input Multiple Output) systems, further increases the 
pressure. At the same time, the trend in the market has been to decrease the size, especially 
the thickness, of the terminal devices. The requirements set for antenna design are therefore 
contradictory; the size of an antenna should be decreased while increasing its performance.  
 
It has been known already for some time that the performance of a small antenna element is 
strongly affected by the metallic chassis of a mobile terminal. The antenna element excites 
currents on the chassis, which works as an important part of the antenna structure. In order to 
achieve the maximum relative bandwidth available with an antenna element having a certain 
size, it is essential that the antenna element excites the radiating wavemodes of the chassis as 
strongly as possible. In fact, the presence and usage of the chassis as part of the antenna 
structure has made the implementation of current low-volume antenna elements possible; the 
maximum dimensions allowed for an internal antenna element are typically so small that the 
bandwidth requirements set for modern mobile terminals cannot be met with the resonant 
modes of a small antenna element alone. 
 
Short-circuited patch-type antennas, like planar inverted-F antennas (PIFA), are commonly 
used as internal antennas in modern mobile terminals. The antenna elements are typically self-
resonant, i.e. impedance matching is built-in into the metallic structure of the antenna 
element. With self-resonant antenna elements it is difficult to achieve optimum coupling to 
the wavemodes of the chassis, as typically only part of the volume occupied by the antenna 
element effectively contributes to coupling. To address the problem, self-resonant antenna 
elements have been suggested to be replaced with non-resonant coupling elements. The idea 
is to select the shape, type, and location of the coupling element so that coupling to the 
dominant wavemodes of the chassis is maximized within the used volume. Impedance 
matching to the transceiver electronics at the desired frequency is done with a separate 
matching circuitry. Before optimized multi-resonant and multi-band antennas can be realized 
by using the idea of coupling elements, in-depth knowledge is required on the optimum 
tuning and implementation of not only the coupling elements but also the matching circuits.  
 
When a significant part of radiation is originated from the wavemodes of the chassis, it can be 
expected that the performance of the antenna structure is strongly affected by the presence of 
the nearby user’s lossy tissues, such as the head and hand. A comprehensive understanding on 
the combined performance of the antenna, chassis, and the user is thus needed to optimize 
antenna performance. Profound knowledge of the behavior of the resonant wavemodes of the 
chassis is especially important when designing antennas for clamshell-type phones, in which 
the electrical properties of the chassis depend strongly on the mechanical use position of the 
phone, i.e. whether the phone is open or closed. 
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In addition an internal antenna should be small in size and have high efficiency over wide 
frequency bands, it must also be able to provide reliable power transmission in real multipath 
propagation environments. Due to multipath propagation, the signal power arriving at the 
mobile consists of multiple components, each having its distinctive angle of arrival, phase, 
and amplitude. When the mobile terminal moves, the relative phases of the multipath 
components change, which causes rapid variations and deep fades, i.e. fast fading, in the 
envelope of the total received signal. A well-known way to mitigate the effects of fast fading 
is to use multi-antenna, i.e. diversity reception in the mobile terminal. In MIMO systems, 
multiple antennas are additionally used at the base station, which together with spatial 
multiplexing offers the possibility for significantly improved spectral efficiencies. In both 
cases, fast and reliable methods are needed for the performance evaluation of multi-antenna 
terminals. The performance of an antenna configuration should be investigated not only under 
realistic channel conditions, but also in a realistic use position of the device, such as in talk 
position beside the user’s head and hand. 
 
1.2 OBJECTIVES OF THE THESIS 
 
The general objective of this thesis is to provide novel and useful information for the design 
of mobile terminal antenna structures. The work has been divided into two parts. The main 
objective of the first part is to increase general understanding of the main benefits, drawbacks 
and application areas of coupling element based mobile terminal antenna structures, with 
special attention paid to antenna miniaturization. The purpose is also to improve 
understanding of the combined performance of a small antenna and the chassis of a 
monoblock- or clamshell-type mobile terminal. One of the objectives of the second part of the 
thesis is to evaluate the accuracy and usability of a novel measurement based antenna test bed 
(MEBAT). A further aim is to identify the properties of a multi-antenna configuration that are 
important for the performance obtained in real propagation environments, as well as to 
develop fast and accurate theoretical ways of predicting the antenna performance. 
 
1.3 ORGANIZATION OF THE THESIS 
 
In the first part of this thesis [P1]-[P5], the main benefits, drawbacks and application areas of 
coupling element based mobile terminal antenna structures are studied. Papers [P1]-[P4] 
consider the miniaturization and performance enhancement of mobile terminal antennas. The 
effect of the chassis of a mobile terminal on various important antenna-related parameters is 
studied in [P4],[P5]. The second part of the thesis [P6],[P7],[P8] concentrates on performance 
evaluation of mobile terminal multi-antenna configurations. A novel measurement based 
antenna test bed (MEBAT) is presented and its accuracy is thoroughly evaluated in [P6]. In 
papers [P7],[P8], the performance of several mobile terminal multi-antenna configurations are 
thoroughly investigated using MEBAT. 
 
The summary part of the thesis is organized in the following manner. Chapter 2 presents 
briefly the fundamentals of mobile terminal antennas. The optimum shaping, placement, and 
impedance matching of coupling elements, as well as their main benefits and drawbacks, are 
considered in Chapter 3. Chapter 4 deals with implementation techniques of coupling element 
based multi-band and multi-resonant antennas. Radiation characteristics of mobile terminal 
antennas are analyzed over wide frequency range in Chapter 5. Chapter 6 concentrates on 
performance evaluation of mobile terminal multi-antenna configurations. Summaries of 
publications [P1]-[P8] are presented in Chapter 7 and conclusions are given in Chapter 8. 
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2 Mobile terminal antennas 
 
2.1 INTRODUCTION 
 
One of the trends in mobile communications industry has been to significantly decrease the 
size of mobile terminals. Meanwhile, the number of radio systems and thus frequency bands 
in which mobile terminals are required to operate is growing steadily. This development has 
set urgent need for internal low-volume and low-profile antenna structures being able to 
operate efficiently in a number of frequency bands. Miniaturization of an already small 
antenna, however, is not a straightforward task. It has been known already for decades that the 
electrical size of a small antenna cannot be decreased arbitrarily without its other important 
properties, like bandwidth and efficiency, being affected [1]-[4]. 
 
The PCBs (Printed Circuit Board) of today’s mobile terminals have usually continuous 
ground layers on their both sides. In addition, planar metal surfaces are commonly used inside 
mobile terminals as EMC (Electromagnetic Compatibility) shields. The amount, size, and 
locations of the EMC shields can vary from phone to phone. The combination of the grounded 
PCB and the other metal layers form a solid few millimeters thick metal chassis, whose length 
and width roughly correspond to those of the PCB. It has been known already for long time 
that the metal chassis of a portable device has a significant effect on the performance of an 
antenna element mounted in the vicinity of it [5]. The antenna element couples currents to the 
chassis, which in consequence works as part of the antenna structure. Understanding of the 
interaction between a small resonant antenna element and the chassis of a mobile terminal has 
become an essential requirement for antenna designers. 
 
The purpose of this chapter is to give the reader basic understanding of the fundamentals of 
mobile terminal antennas. The antenna technologies used in current multi-band mobile 
terminals are reviewed later in Chapter 4. In this chapter, first some of the most important 
terms related to mobile terminal antennas are briefly presented. This is followed by discussion 
on fundamental limitations related to antenna size reduction. Finally, radiation mechanism of 
the combination of mobile terminal antenna and chassis is discussed. 
 
2.2 FUNDAMENTAL TERMS 
 
2.2.1 Quality factor 
 
An important parameter specifying the frequency selectivity of an antenna is quality factor, or 
Q. A general definition of Q that is applicable to any resonant system is [6] 
,2
l
r
l
r P
Wf
P
WQ πω ==  (2.1) 
where ωr is angular resonant frequency, fr is resonant frequency, W is total time-average 
energy stored in the system, and Pl is power loss per second in the system. Several different 
quality factors can be defined for an antenna. The so-called unloaded quality factor (Q0), 
which is computed by including only the internal losses of an antenna in the denominator of 
Eq. (2.1), is an important metric for an antenna designer. The internal losses of an antenna can 
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be divided into radiation, dielectric, and conductor losses, which can be further described by 
radiation (Qr), dielectric (Qd), and conductor (Qc) quality factors, respectively. 
 
2.2.2 Impedance bandwidth 
 
In case of mobile terminal antennas, the term bandwidth typically refers to impedance 
bandwidth. Impedance bandwidth is usually defined as the frequency range, within which 
reflection coefficient (S11) at the antenna input stays below a certain predefined level. In 
recent years, S11 ≤ -6 dB (return loss Lretn ≥ 6 dB) has become a widely used matching 
criterion for low-volume internal antennas in mobile terminals. In practice, the matching 
criterion is set according to the requirements of the wireless communications system at hand. 
It can be shown that the relative impedance bandwidth (Br) of a resonant circuit describing an 
antenna is inversely proportional to its unloaded quality factor (Q0) [7],[8]. 
 
2.2.3 Efficiency 
 
The losses of an antenna can be characterized by radiation and total efficiencies. Radiation 
efficiency (ηr) is defined as the ratio of the power radiated (Pr) by an antenna to the input 
power accepted (Pin) by the antenna, and can also be expressed in terms of the unloaded and 
radiation quality factors of the antenna: 
rin
r
r Q
Q
P
P 0==η . (2.2) 
Often the antenna structure of a mobile terminal is simply modeled as the combination of an 
antenna element and a metal chassis. In free space, the radiation efficiency of this kind of a 
fully metallic prototype can be larger than 95 % over the frequency bands of the E-GSM900, 
GSM1800, PCS1900 and UMTS systems [9]. In real mobile terminals, free space radiation 
efficiencies are significantly lower as the battery, display, loudspeaker, plastic covers, and 
other lossy parts of the terminal absorb part of the antenna input power. A significant part of 
the antenna input power can be additionally lost to the user’s head, hand, and other body parts 
typically located in close proximity to a mobile terminal. In [10] and [11], the radiation 
efficiencies of five commercial dual-band phones were studied by measurements in free space 
and in talk position with 15 test persons holding the phones next to their heads. In free space, 
radiation efficiencies of 54-80% and 32-72% averaged over the E-GSM900 and GSM1800 
bands were reported, respectively. In talk position, average radiation efficiencies of 6-9% and 
6-13% were reported for the E-GSM900 and GSM1800 bands, respectively. 
 
Radiation efficiency does not take into account the reflection losses occurring at the input of 
an antenna. The so-called total efficiency includes also reflection losses, i.e. it describes how 
much of the power available at the feed of an antenna is converted into radiated power. A 
return loss of Lretn = 6 dB at antenna input, for example, means that the power accepted by the 
antenna (Pin) is reduced by 25 % compared to a perfectly matched antenna. 
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2.2.4 Specific Absorption Rate (SAR) 
 
Specific Absorption Rate (SAR) is a parameter that is used to evaluate the radio frequency 
(RF) energy absorbed by human tissue. It is expressed in units of watts per kilogram (W/kg) 
and is defined by 
,
2
ρ
σ rmsESAR ⋅=  (2.3) 
where Erms is the root mean square (rms) value of the electric field strength (V/m) in the 
tissue, σ is the effective conductivity of the tissue (S/m), and ρ is the density (kg/m3) of the 
tissue. Several regulatory agencies have set mandatory safety limits for the SAR values caused 
by mobile terminals [12],[13]. These limits are based on the RF exposure recommendations 
given in [14],[15], see Table 2.1. Standard practices for evaluating the SAR compliance of 
mobile terminals are described in [16]-[18]. 
 
Table 2.1, RF exposure recommendations given by IEEE/ANSI [14] and ICNIRP [15]. 
 
 IEEE/ANSI ICNIRP 
SAR [W/kg] in body except hands, 
wrists, feet, ankles (averaging mass) 1.6 (1 g) 2.0 (10 g) 
SAR [W/kg] in hand, wrists, feet, 
ankles (averaging mass) 4 (10 g) 4 (10 g) 
Volume shape Cube Any of 10 g contiguous tissue 
Averaging time [min] 30 6 
Whole body averaged SAR [W/kg] 0.08 0.08 
 
Specific Absorption Rate is an important topic for antenna designer for two reasons. On one 
hand, an antenna designer needs to make sure that a mobile terminal complies with SAR 
standards. On the other hand, SAR provides a valuable insight on the power absorbed by the 
user. Minimizing SAR and thus user interaction improves the radiation efficiency and thus the 
overall performance of a mobile terminal in use position. 
 
Currently there exist two competing theories, [19] and [20], on the interaction mechanism 
between a biological tissue and the near fields of an antenna. The first one [19] claims that the 
surface currents induced by the magnetic near fields of an antenna to a human tissue are the 
main power dissipation mechanism, while coupling from electric near fields is of less 
importance. Based on simulations with dipole antennas operating above 300 MHz, it is 
concluded in [19] that SAR in the human tissue is roughly proportional to the square of the 
magnitude of antenna current. These conclusions, however, are not fully supported by the 
results of a related study [21]. In [21], the SAR generated by a dipole antenna located beside a 
homogeneous muscle phantom with and without a covering fat layer was studied at 915 MHz. 
Without the fat layer, the SAR maximum was located on the surface of the muscle near the 
antenna feed point, i.e. on the maximum of magnetic field. With the fat layer, however, SAR 
maxima were found from the surface of the fat layer under the open ends of the dipole. 
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In [20], the electric near fields and SAR generated by a dipole antenna located beside several 
different compositions of tissues were studied at 900 MHz. The results lead to the conclusion 
that the location of peak SAR is actually not related to the maximum of antenna currents. 
Instead, the location of the SAR maxima can be explained by applying electric field boundary 
conditions with the electric near field components parallel and perpendicular to the surface of 
the tissue [20]. With tissues having high permittivity (like muscle or skin) the field 
components perpendicular to the surface of the tissue are attenuated substantially. In case of a 
dipole antenna, SAR maximum can be consequently found from a location with low original 
total electric fields but with significant components parallel to the surface of the tissue, i.e. 
from the surface of the tissue near the center point of the dipole [20]. With low-permittivity 
tissues, such as fat, SAR maxima are found from the locations of high original total electric 
fields, i.e. from the ends of the dipole, as the perpendicular field components are not 
considerably attenuated according to boundary conditions [20]. 
  
2.3 FUNDAMENTAL LIMITATIONS ON ANTENNA SIZE REDUCTION 
 
It is a commonly known fact that the radiation quality factor (Qr) and thus the bandwidth of 
an antenna are ultimately limited by the electrical size of the antenna [1]-[4],[22]-[26]. A 
theory on the minimum radiation quality factor achievable with an ideal linearly polarized 
antenna constrained to fit within a sphere of radius r, having no reactive energy stored inside, 
was first derived in [2]. The theory was extended in [3] to include also circularly polarized 
antennas. The lowest possible Qr for a linearly polarized antenna is obtained when only the 
lowest order TM01 or TE01 mode is excited by the ideal antenna [2]. Theoretical fundamental 
minimum Qr for this kind of an antenna structure can be expressed as [22],[25]: 
,1
)(
1
3 krkr
Qr +=  (2.4) 
where k is the wave number (k = 2π/λ0, where λ0 is free space wavelength) and r is the radius 
of the smallest sphere enclosing the antenna. According to Eq. (2.4), the Qr of an ideal 
electrically small linearly polarized antenna is approximately inversely proportional to the 
volume V of the antenna in wavelengths (V/λ03). The bandwidth of the antenna thus decreases 
rapidly when its electrical size is decreased.  
 
In the derivation of Eq. (2.4), it is assumed that the antenna structure stores no reactive energy 
inside the sphere. In practice, antennas never completely fill the spherical volume enclosing 
them and also excite higher order wavemodes. In consequence, non-propagating energy is 
stored also inside the enclosing sphere, which inevitably increases the Qr and thus decreases 
the bandwidth of the antenna [3],[25].  
 
2.4 THE COMBINATION OF MOBILE TERMINAL ANTENNA AND CHASSIS 
 
2.4.1 General 
 
Self-resonant IFAs (Inverted-F Antenna) [27], PIFAs (Planar Inverted-F Antenna) [5], and 
different variants of these are currently the most common internal antenna technologies used 
in mobile terminals. The maximum dimensions allowed for internal antenna elements are 
typically so small that the bandwidth requirements set for modern mobile terminals cannot be 
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met with the resonant modes of the antenna elements alone. Obviously, some help is needed 
from a larger metallic object, which is provided by the chassis of a mobile terminal. In fact, it 
was shown already in [28] that the radiation resistance and efficiency of a small antenna can 
be significantly increased by using the antenna as a probe to excite currents on a larger 
metallic object with lower Qr. 
 
The first step towards understanding the contribution of the chassis of a mobile terminal on 
the performance of an internal antenna element was made in [5]. The results indicated that the 
impedance bandwidth of a PIFA reaches its maximum when the electrical length of the 
chassis equals roughly 0.4λ0, i.e. when the chassis is at its half wave resonance. After [5], a 
considerable number of papers aimed to clarify the interaction between a small resonant 
antenna element and the chassis of a mobile terminal have been published [29]-[40]. The 
results show that the impedance bandwidth [29]-[37], talk position efficiency [37],[38], SAR 
[33],[37]-[39], and radiation pattern shape [33],[40] of this combination depend not only on 
the electrical characteristics of the antenna element, but also strongly on the dimensions of the 
chassis and the position of the antenna element relative to it. Comprehensive review and 
analysis of the results published in [5],[29]-[40] can be found in [41],[42]. In the rest of this 
thesis, the results of [5],[29]-[40] are referred and discussed whenever necessary. 
 
The so-called resonator based analysis, first used in [31],[35] and later applied in [43], 
provides a useful circuit-theoretical tool for the analysis of the combined performance of a 
single-resonant antenna element and a chassis. In order to fully understand the behavior of the 
combination of antenna and chassis, it is essential that one has good understanding on the 
radiation and resonance characteristics of the chassis. A useful tool for that purpose is 
provided by the so-called characteristic mode theory [44],[45]. In the following sections, the 
resonator based analysis and characteristic mode theory are shortly introduced and some of 
the most important results found from the open literature are briefly reviewed. 
 
2.4.2 Resonator based analysis 
 
In the resonator based analysis [31],[35], it is assumed that waves in the combination of 
antenna and chassis can be divided into two fairly independent resonant wavemodes; the 
quasi-TEM wavemode of a typical self-resonant antenna element, and the thick-dipole type 
wavemode of a chassis. These resonant wavemodes can be modeled as two coupled lumped 
element resonant circuits, whose properties can be further described by their respective 
resonant frequencies and unloaded quality factors. The strength of coupling between the 
wavemodes is described by an ideal transformer placed between the resonators. 
 
At 900 MHz, according to [35], a small self-resonant antenna element like PIFA radiates 
typically only about 10 % portion of the total power radiated by a mobile terminal. The rest of 
the power is radiated by the half-wave dipole-type current distribution of the chassis. At  
1800 MHz, the contribution of the antenna element wavemode is clearly larger, roughly 50 %. 
In addition to the above, it was shown in [35] that the maximum bandwidth achievable with 
the combination of antenna and chassis remains almost unaffected when the unloaded quality 
factor of the antenna element is increased from Q0 = 20 to Q0 = 500. When the antenna 
element becomes more and more narrowband, however, a stronger coupling to the chassis 
wavemode is needed to reach the maximum relative bandwidth, which is obtained with an 
optimally coupled dual-resonant response [35]. The above-described results were obtained by 
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assuming that the resonant frequencies of the antenna element and chassis are equal. In 
practice, the optimum case of equal resonant frequencies may not be realizable. The first 
order (λ/2) resonance of a chassis with typical dimensions of 100 mm x 40 mm (length x 
width) is located roughly at 1.1 GHz [35], which is outside the operating bands of current 
communications systems. In [43], it was shown that also at operating frequencies below first 
chassis resonance, like at the E-GSM900 band (880 MHz – 960 MHz), the maximum 
achievable relative bandwidth is not limited by the unloaded quality factor of the antenna 
element. 
 
2.4.3 Characteristic mode theory 
 
The theory of characteristic modes for conducting bodies [44],[45] provides a useful field-
theoretic method for characterization of chassis wavemodes. Currents on the surface of a 
conducting body can be expanded into characteristic modes. Each mode is associated with a 
set of eigenvalues, whose magnitude depicts how well the particular mode radiates. Based on 
the eigenvalues, it is possible to numerically evaluate the radiation quality factors associated 
with each characteristic mode [46]. The resonant frequency of a certain characteristic mode 
can be easily obtained from the frequency response of its eigenvalues. In [47], the first eight 
characteristic modes of a rectangular plate with dimensions 40 mm x 60 mm were presented 
and analyzed. Later in [46],[48]-[50], the method was applied to study the radiation properties 
of typical-sized (100 mm x 40 mm) mobile terminal chassis. In [46], radiation quality factors 
of 2.3, 3.0, 2.5, and 2.3 were reported for the first four characteristic modes of the chassis 
excited with a plane wave. The respective resonant frequencies of the modes were 1260 MHz, 
2679 MHz, 2739 MHz, and 3081 MHz. The first two modes represent the major axis half- 
and full-wave dipole modes of the chassis. The third mode represents the minor axis half-
wave mode of the chassis, whereas the fourth mode represents magnetic dipole mode [46].  In 
practice, currents on the chassis of a mobile terminal at a given frequency are superposition of 
these modes. At lower frequencies, the half-wave dipole-type mode of the chassis is clearly 
dominant [46]. One should note that excitation of the modes is largely dependent on the type 
and location of the exciting element. A patch-type antenna element placed on top of the 
shorter end of a chassis, for example, can efficiently excite only the major axis dipole modes 
of the chassis.  
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3 Coupling element based mobile terminal antennas  
 
3.1 INTRODUCTION 
 
The results published in [35] indicate that especially below 1 GHz, like at the  
E-GSM900 band, the antenna element of a mobile terminal works mainly as a matching 
element, which excites the low-Q wavemodes of the chassis. To achieve the maximum 
available relative bandwidth with an antenna element of a certain size, it is essential that the 
antenna element couples as strongly as possible to the dominant wavemode of the chassis 
[35]. 
 
Short-circuited patch-type antennas, like PIFAs, are commonly used in modern mobile 
terminals. Impedance transformation and resonance tuning are built-in into the metallic 
structures of these self-resonant antenna elements. This enables e.g. low production costs and 
easily obtained matching. On the other hand, it can be difficult to achieve optimum coupling 
to the dominant wavemode of the chassis, as typically only part of the volume occupied by a 
shorted self-resonant antenna element effectively contributes to coupling. 
 
In [31],[35],[51], a novel idea was proposed to address the problem. It was suggested that the 
size of an internal antenna could be considerably reduced by replacing a self-resonant antenna 
element with an essentially non-resonant coupling element, whose main purpose is to 
efficiently excite the wavemodes of the chassis. Separate matching circuitry is used to tune 
the combination of coupling element and chassis into resonance at the desired operating 
frequency. As the coupling element is a separate unit from impedance matching functionality, 
its shape, size and location can be optimized individually to achieve the strongest available 
coupling to the dominant wavemode of the chassis. 
 
The main purpose of this thesis, inspired by [31],[35],[51], was to increase general 
understanding on the optimum tuning and design, as well as on the main benefits and 
drawbacks of coupling element based antenna structures. The work started with a thorough 
and systematic investigation of the idea of coupling elements [P1], and continued with a 
theoretical study on optimum dual-resonant impedance matching of coupling elements [P2]. 
This chapter presents the main findings of [P1],[P2], but also other related studies available 
from open literature are referred whenever necessary. Coupling element based multi-band and 
multi-resonant antenna structures [P2],[P3],[P4], and other application areas of coupling 
elements [P4],[P5] are discussed in Chapters 4 and 5, respectively. 
 
3.2 OPTIMUM SHAPE AND LOCATION OF A COUPLING ELEMENT 
 
The wavemodes of a chassis can be excited either via the magnetic or the electric fields of the 
chassis, or optionally, with direct galvanic contact to separated parts of the chassis [51]. 
Patch-type antenna (or coupling) elements couple mainly capacitively, i.e. via electric fields. 
Maximum coupling requires that electric fields of the chassis and of the exciting element are 
oriented in parallel. It is also important that electric field maxima of the chassis and the 
exciting element are co-located. Patch-type coupling elements have been studied e.g. in 
[35],[51]-[55],[P1]-[P5]. Coupling via magnetic fields is possible e.g. with an inductive loop 
arranged so that its magnetic field coincides with that of the chassis wavemode, as 
demonstrated in [52],[56]. Excitation of chassis wavemodes with a direct galvanic contact, 
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e.g. with a feed placed over an impedance discontinuity on a chassis, such as a slot, has been 
demonstrated e.g. in [57],[58]. 
 
In order to achieve the maximum bandwidth available with an antenna or coupling element 
having a certain unloaded quality factor, it is essential that the element is shaped and located 
such that coupling to the nearest resonant wavemode of the chassis is maximized. In [P1], the 
optimum shape and location of a coupling element were systematically studied with IE3D 
simulations by moving a small capacitive probe (height = 3mm, diameter = 2 mm) on top of a 
chassis with dimensions 100 mm x 40 mm x 3 mm (height x width x thickness). From IE3D 
simulation data, unloaded quality factors were calculated for each probe location at 920 MHz 
and 1800 MHz. Fig. 3.1 presents the simulation setup and the normalized quality factors 
obtained at 920 MHz with a probe moved on top of the plane A of the chassis.  
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Figure 3.1. (a) Simulation setup. (b) A 3-D view on the simulated normalized (Q  = 195 at 
the corners of the chassis) unloaded quality factors obtained at 920 MHz when the probe has 
been moved on top of plane A, and (c) a closer view on a shorter end of the chassis [P1].
min
 
Before interpreting the results shown in Fig. 3.1, it is useful to understand the behavior of the 
electric near fields of chassis wavemodes. The chassis of a mobile terminal supports dipole-
type wavemodes, which are resonating when the electrical length of the chassis is a multiple 
of λ/2 at the operating frequency. At the λ/2 resonance of a chassis, for example, current 
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distribution minima and thus electric field maxima are located at the ends of the chassis. 
Respectively, current distribution maximum and thus electric field minimum is located at the 
center of the chassis [35],[46], like in a half-wave dipole. In [50], electric near fields of the 
half-wave dipole mode of a chassis were further studied with help of the characteristic mode 
theory. The results revealed that the intensity of electric near fields, computed at a distance of 
5 mm above the surface (plane A in Fig. 3.1 (a)) of a chassis, reaches its maximum on top of 
the corners of the chassis. The above-described findings fully explain the results shown in 
Fig. 3.1. When the probe is moved on top of the plane A of the chassis, the strongest coupling 
and thus the lowest quality factors are achieved on top of the shorter ends of the chassis. 
Respectively, the weakest coupling is obtained on top of the center of the chassis. Quality 
factor reaches its minima on top of the corners of the chassis, as expected. 
 
In addition to the above, results obtained with a probe moved on top of the plane B of the 
chassis were briefly reported in [P1] (see [52] for numerical results). Very strong coupling 
was obtained in the whole area of the plane B, with maxima again at the corners of the 
chassis. As shown in [46] and [50], electric near fields at the ends of a chassis are oriented 
mostly in parallel with the longitudinal axis of the chassis. In order to couple to these electric 
fields optimally, a coupling element should be extended outside the top perimeter of a chassis 
and bent perpendicularly towards the plane A [P1]. A more complete illustration will be 
provided later in this thesis (Figs. 3.4 and 4.1). A similar technique to increase coupling to the 
wavemodes of chassis has been demonstrated with self-resonant PIFA-type antenna elements 
in [31],[35]. 
 
Based on the above discussion, it can be suspected that the structures of many planar self-
resonant antennas, like IFAs and PIFAs, are not optimal. First of all, currents are typically 
very high near the shorting pins of these antenna elements. In consequence, electric fields 
near the shorting pins are weak, as shown e.g. in [59],[60]. This results in reduced coupling 
between the wavemodes of the antenna element and the chassis. Furthermore, to keep the 
dimensions of self-resonant multi-band antennas compact, some kind of meandering of the 
antenna parts used for low-band (like E-GSM900) operation is typically needed 
[9],[59],[61],[62]. Due to meandering, optimum shaping of the important parts of the antenna 
element according to the high-coupling locations of the chassis can become difficult. A 
comprehensive comparison between coupling element based antenna structures and 
traditional self-resonant PIFA based antenna structures will be presented later in this chapter. 
 
3.3 IMPEDANCE MATCHING NETWORKS 
 
3.3.1 General 
 
After a coupling element is shaped and located optimally in the vicinity of a chassis, it needs 
to be matched at the desired operating frequency with a separate matching network. Matching 
of a complex load into single or higher order resonance can be done in various ways by using 
the well-known impedance matching principles described e.g. in [63]. When selecting the 
implementation technique of the matching network, attention has to be paid on such important 
aspects as the ohmic losses, complexity, tolerances, price, and PCB area consumption of the 
final implementation. 
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Modern high-Q discrete components offer a feasible way of implementing matching 
circuitries with low losses and compact size. Distributed components, realized e.g. by 
microstrip or coplanar lines, can be naturally used as well. The third option is to utilize recent 
advances in integration technology. With multi-layer LTCC (Low-Temperature Co-fired 
Ceramic) substrates, a large number of high-Q inductors, capacitors, transmission lines, and 
other passive elements can be integrated into a single package having an extremely low 
volume and high efficiency [64]-[66]. Moreover, integrating matching circuitry with the 
front-end module of a mobile terminal, which is usually LTCC-based, should have only minor 
implications on the production time, costs, and PCB area consumption. 
 
In this section, theoretical limitations on broadband impedance matching of complex loads are 
first presented. After this, the principles of matching non-resonant antenna structures into 
single-resonance are briefly discussed. Finally, the theory and methodology of matching non-
resonant antenna structures optimally into dual-resonance are described. 
 
3.3.2 Theoretical limitations on broadband impedance matching 
 
At the frequency bands of current cellular systems, the input impedance of a coupling element 
is usually clearly capacitive and its real part is fairly low [P1],[P2]. In an ideal case, the 
matching network would transform the complex input impedance of the coupling element to 
purely resistive, e.g. to 50 Ω, over all desired frequency bands. This is, however, not possible 
in practice, as there exist fundamental limitations on broadband impedance matching 
[67],[68]. The results of [68] show that it is not possible to match an arbitrary impedance to a 
pure resistance over the whole spectrum, or even at all frequencies within a finite frequency 
band, by means of a purely reactive passive network. On the other hand, a perfect match can 
be obtained at a finite number of frequencies. Making reflection coefficient very small at any 
point of the pass band, however, leads to a reduction of theoretical maximum bandwidth [68]. 
Therefore, it is often better to accept less than a perfect but still good matching in the whole 
pass band. The level of tolerance can be defined e.g. in terms of the minimum allowed return 
loss (Lretn). 
 
Let us now assume that the non-resonant coupling element has been tuned into single-
resonance with an appropriate reactive component. A well-known and effective way of 
increasing the impedance bandwidth of a resonator is to add more resonances into its 
frequency response [67],[68]. This can be obtained with a matching network consisting of one 
or more high-Q matching resonators. The improvement in bandwidth, however, saturates 
rapidly as the number of matching resonators increases. With only one matching resonator  
(n = 2), already roughly 60 % of the maximum bandwidth is obtained [41]. With five 
matching resonators, roughly 90 % of the maximum bandwidth is achieved [41], but also the 
ohmic losses and the design complexity of the matching network are obviously higher.  
 
3.3.3 Single-resonant impedance matching 
 
In order to match the combination of coupling element and chassis into a critically coupled 
(perfect match at fr) single-resonance, one needs to a) cancel the antenna structure’s input 
reactance at fr, and b) transform the antenna structure’s input resistance to 50 Ω at fr. Both of 
these functions can be simultaneously accomplished with a simple L-section matching 
network consisting of two lumped or distributed elements of the suitable value and type. 
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Explicit design equations can be found e.g. from [63]. In practice, a perfectly matched, i.e. 
critically coupled, antenna does not provide an optimum bandwidth. The maximum 
bandwidth is achieved with a slightly over-coupled antenna, as described in [8]. The 
theoretical relative bandwidth of an optimally over-coupled single-resonant antenna having a 
certain Q0 can be expressed as (by combining Eqs. (6) and (8) in [8]) 
0
2
, 2
1
SQ
SB optsr
−= , (3.1) 
where S represents the maximum allowed voltage standing wave ratio. 
 
3.3.4 Dual-resonant impedance matching 
 
Background 
 
In theory, the bandwidth achievable with an optimally coupled dual-resonant antenna having 
one high-Q matching resonator can be up to 2.1 times as large as the bandwidth achievable 
with an optimally over-coupled single-resonant antenna (Lretn ≥ 6 dB) [41]. Dual-resonant 
matching thus provides an effective way of increasing the impedance bandwidth of a single-
resonant antenna. The first question to ask is how to design a matching network providing an 
optimum dual-resonant response for a connected resonant or non-resonant antenna. An 
antenna designer would especially benefit from simple, explicit design equations. 
 
Traditional filter and matching network design theory [63] usually aims to provide a perfect 
impedance matching at a number of frequencies in the pass band, which leads to a reduction 
of maximum obtainable bandwidth, as shown by [67],[68]. In [68],[69], design procedures 
were presented for matching networks producing an optimum band pass Chebyshev response 
of the desired order for a connected RLC load. For finding optimum circuit parameters, 
however, the graphical curves presented in [68],[69] are required. In [70], explicit formulas 
for the synthesis of optimum band pass Butterworth and Chebyshev impedance-matching 
networks were presented. The formulas, however, are fairly complex and the analysis applies 
only for a specific type of load consisting of an inductor in series with the parallel 
combination of a resistor and a capacitor. The so-called Simplified Real-Frequency Technique 
(SRFT) introduced in [71] offers one approach for pursuing optimum dual-resonant matching, 
but it is computationally fairly complex and does not provide an exact solution. Nevertheless, 
SFRT has proven to work well in broadband matching of antennas [72],[73]. 
 
Explicit design equations for matching networks designed to tune resonant antenna structures 
optimally into dual-resonance have been derived in [74]-[76] and as part of this work in [P2], 
respectively. The analysis of [P2] differs from the previous papers [74]-[76] in that it provides 
design procedures for matching networks which are particularly optimized for non-resonant 
coupling element based antenna structures. In [P2], special emphasis has been put on 
minimizing the complexity, i.e. component count, of the final matching network. This has 
been accomplished by properly choosing the type of the matching resonator, the location of 
impedance transformer, and the way how the non-resonant load is tuned into single-
resonance. These aspects have not been considered in [74]-[76]. 
 
 
 20
Tuning of a non-resonant load optimally into dual-resonance 
 
Fig. 3.2 presents a schematic of the matching network used in [P2] to tune a non-resonant 
antenna structure, such as the combination of coupling element and chassis, optimally into 
dual-resonance. Resonator 2 in Fig. 3.2 represents the combination of a coupling element and 
chassis, tuned into resonance with two lumped elements of suitable value and type (inductor 
LT and reactance Xm). As indicated by the results of [P2], the input impedance of a typical 
non-resonant coupling element can be with a good accuracy described as a series-resonant 
circuit. Thus, Resonator 2 can be considered to be of series-type. A series-resonant circuit can 
be tuned into dual-resonance by connecting a shunt parallel-type matching resonator into its 
feed [63]. Alternatively, a series-type matching resonator connected via an impedance inverter 
can be used [63], as shown in Fig. 3.2. As the input resistance of a coupling element is usually 
very low at cellular frequencies, typically less than 10 Ω, impedance transformation is 
additionally needed. In [P2], impedance transformation (an inversion) is accomplished right 
after Resonator 2. This way, discrete-component realization of the transformer can be almost 
completely integrated within the matching circuitry. 
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Figure 3.2. Schematic of the matching network used to tune a non-resonant antenna structure 
optimally into dual-resonance. The block on the right represents the simulated input 
impedance (Zsim) of the non-resonant antenna structure at the angular matching center 
frequency (ωc) [P2]. 
 
The inverter-transformer can be conveniently realized as a lumped element T-circuit 
consisting of positive and negative inductors [63], as illustrated in Fig. 3.2. An alternative 
implementation is obtained by replacing the inductors with capacitors [63]. In an ideal case, 
the negative components of the inverter-transformer can be absorbed into adjacent positive 
series components of the same type, so as to give a resulting circuit having all positive 
elements and minimum circuit complexity. The right-hand side negative component of the 
inverter-transformer can be absorbed by adding a positive component of the same value (LT) 
into Resonator 2. Resonator 2 can be after this tuned into resonance with a reactance Xm, 
which is realized either as an inductor or a capacitor depending on the input impedance (Zsim) 
of the non-resonant antenna structure. The left-hand side negative inductor can be absorbed 
into L1. Thus, the final matching network will have in total four components. Explicit 
equations for optimum circuit parameters of the matching network are given in [P2]. Design 
rules are also given for the case the inverter-transformer is realized with capacitors. 
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In derivation of the equations for the optimum values of C1 and L1, it is assumed in [P2] that 
Resonator 2 behaves like a series-RLC-resonant circuit. Of interest would be to see how this 
assumption, and thus the design equations of [P2] hold when applied to a realistic coupling 
element based antenna structure. Fig. 3.3 presents the frequency responses of reflection 
coefficients obtained when a matching network generated for a realistic antenna structure  
(see details from [P2]) is connected either to the simulated antenna structure, or to the series-
RLC equivalent circuit of the simulated antenna structure. When the equivalent circuit is used 
as a load, the size of the dual-resonant circle on the Smith-chart equals with that of the circle 
representing the minimum allowed return loss (Lretn ≥ 6 dB). The same condition for optimum 
dual-resonant response has been obtained e.g. in [41],[77]. When the simulated antenna 
structure is used as a load, the dual-resonance circle is slightly moved clockwise along the 50 
Ω constant-resistance circle. This can be compensated e.g. by slightly decreasing the value of 
C1. Nevertheless, the frequency response is very close to optimum. In [P2], furthermore, 
almost perfect agreement between the two curves was obtained with 1.8 GHz matching center 
frequency. The design equations presented in [P2] thus seem to be feasible for use with 
realistic coupling element based antenna structures. The theoretical relative bandwidth of a 
single-resonant antenna tuned optimally into dual-resonance with one lossless matching 
resonator can be expressed as [74]-[77]. 
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Figure 3.3. Frequency responses of reflection coefficient obtained when the designed 
matching circuitry is connected either to the simulated antenna structure (solid line), or to the 
equivalent circuit of the simulated antenna structure (dashed line). The center frequency of 
impedance matching is 0.9 GHz. The solid circle on the center of the Smith chart represent 
Lretn = 6 dB [P2]. 
 
One should finally note that the component values given by the design equations might not 
always be exactly realizable with commercially available discrete components. High-Q 
discrete components falling very close to the optimum values, however, are usually readily 
available from the market. Moreover, practical realization of a matching network always 
requires tuning and a few iteration rounds. Theoretical optimum component values provide an 
antenna designer a good point from which to start the matching network design process. 
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3.4 PERFORMANCE COMPARISON WITH PIFAS 
 
In order to study the feasibility of the idea of coupling elements, in total four prototypes were 
designed and thoroughly studied in [P1]. The prototypes were based on two different coupling 
elements, hereinafter referred as antenna model 1 and antenna model 2. Tuning and 
optimization of the coupling elements were based on the results obtained with the probe-
simulations (see Section 3.2 of this thesis). Two prototypes were manufactured from each 
antenna model, one for the E-GSM900 band and one for the GSM1800 band. The matching 
circuitries were implemented as simple tapped microstrip lines. Fig. 3.4 shows the structures 
of antenna model 1 and antenna model 2. 
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Antenna model 2: 
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Figure 3.4. The structures of (a) antenna model 1 and (b) antenna model 2 with general 
microstrip line matching circuitries. All dimensions are given in millimeters [P1]. 
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The coupling element of antenna model 1 occupies a very low volume, only 1.1 cm3. In order 
to optimally capture the strong electric fields originating from the end of the chassis, the 
coupling element has been moved partly outside the top perimeter of the chassis and bent over 
the end of the chassis. The coupling element of antenna model 2, occupying the volume of  
2.2 cm3, is placed in a more traditional way totally on top of the chassis. To optimize coupling 
to the wavemodes of the chassis, the shape of the coupling element has been chosen to 
roughly follow the contour lines shown in Fig. 3.1 (c).  
 
For an antenna designer, it would be useful to know the implications of using optimally 
shaped coupling elements instead of traditional self-resonant antenna elements on bandwidth, 
radiation efficiency, and SAR. For reference, two antenna structures with traditionally shaped 
single-resonant PIFAs (from [37]) as the antenna elements were studied in [P1]. The reference 
antennas have been designed for the E-GSM900 and GSM1800 systems, and occupy the 
volumes of 5.4 cm3 and 2.9 cm3, respectively. The antenna elements are placed in a traditional 
way at the height of 6.45 mm fully on top of the chassis (see [37] for complete dimensions). 
Their resonant frequencies fall very close to those of the prototype antennas studied in [P1]. 
 
In [P1], the performance of the coupling element and PIFA based antenna structures were 
thoroughly evaluated and compared both in free space and in a realistic talk position beside 
head and hand models. The main findings related to the bandwidths, bandwidth-to-volume 
ratios, SARs, and radiation efficiencies of the studied antenna structures are summarized in 
the following sections. 
 
3.4.1 Bandwidth and bandwidth-to-volume ratio 
 
As known from [35], the bandwidth of the combination of an antenna element and chassis is 
affected by the unloaded quality factors of the antenna and the chassis, the level of coupling 
between the resonant wavemodes of the antenna and the chassis, and the ratio of the resonant 
frequencies of the antenna element and the chassis. In the study conducted in [P1], the 
unloaded quality factor of the chassis and the ratio of the resonant frequencies were fixed. If 
the unloaded quality factor of the antenna mode is increased, e.g. the antenna element is made 
smaller in size, a stronger coupling to the wavemode of the chassis is needed to reach the 
original bandwidth [35]. By applying this argumentation with the results of [P1], it can be 
claimed that the studied coupling elements excite the dominant wavemode of the chassis more 
strongly than the reference PIFAs. The volume of antenna model 1, for example, is nearly five 
times lower than that of the E-GSM900 reference PIFA. Despite this, the bandwidth of 
antenna model 1 at 900 MHz was clearly higher than that of the reference antenna [P1]. To 
reach its bandwidth, the coupling element of antenna model 1 needs to couple much more 
strongly to the wavemodes of the chassis than the reference PIFA. The same logic works also 
when applied with the bandwidth results obtained at the GSM1800 band [P1].  
 
The so-called bandwidth-to-volume ratio, i.e. the ratio of the relative bandwidth of an antenna 
structure to the volume of the antenna or coupling element, gives a useful tool for the 
comparison of antenna structures having different bandwidths and different antenna/coupling 
element volumes. At the E-GSM900 band, the bandwidth-to-volume ratio of antenna model 1 
was over three times larger than that of antenna model 2. The bandwidth-to-volume ratio of 
antenna model 2, furthermore, was nearly two times larger than that of the reference antenna 
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[P1]. Similar trend was observed at the GSM1800 band. The strongest and most efficient 
coupling to chassis wavemode was thus obtained with antenna model 1. Antenna model 2 also 
utilizes its volume efficiently, but does not represent an optimum arrangement. The weakest 
coupling to chassis wavemode within the used volume was obtained with the reference 
PIFAs. 
 
3.4.2 Specific Absorption Rate (SAR) 
 
In [P1], a commercial finite-difference time-domain (FDTD) based electromagnetic solver, 
SEMCAD (by Schmidt & Partner Engineering AG), was used to investigate the SAR values 
and radiation efficiencies of the studied antenna structures in talk position. In one simulation 
setup, the studied antenna structures were placed beside the left ear of a homogenous Specific 
Anthropomorphic Mannequin (SAM) head model in the standard “cheek” position [17]. In a 
second simulation setup, also a model of the user’s hand [37] holding the phone was included. 
The minimum distance between the surface of the chassis and the head model was 7 mm. 
 
As a general remark, all studied antenna structures fulfilled the 10 g averaged SAR limits. At 
both 900 MHz and 1800 MHz, antenna model 1 had clearly the largest SAR values. The SAR 
values of antenna model 2 were slightly larger than those of the reference antenna. Similar 
general behavior between the studied antenna structures was obtained both with and without 
the hand model. The trend apparently resembles the one observed earlier in the bandwidth-to-
volume comparison. When coupling to the dominant wavemode of a chassis is increased, e.g. 
by means of optimum shaping and placement of the exciting element, the amplitude of the 
chassis wavemodes increases. This increases the amplitude of the antenna structure’s near 
fields, which results in an increase of SAR. 
 
At 900 MHz, the SAR maxima were for all antenna structures located near the middle part of 
the chassis, as expected [20]. At 1800 MHz, an additional local SAR maximum appeared 
under the coupling element of antenna model 1. The SAR maximum of the GSM1800 
reference antenna appeared under the antenna element.  
 
3.4.3 Radiation efficiency 
 
Free space: 
 
In free space, the simulated (IE3D) radiation efficiencies of all studied antenna structures 
were larger than 95 % over the frequency bands of the E-GSM900 and GSM1800 systems 
[P1]. The result is expected, as the conductivities of the metal parts of the studied antenna 
structures were equal in the simulations. Moreover, ohmic losses of the used microstrip line 
matching circuitries are in practice negligible [P1]. 
 
Talk position: 
 
Radiation efficiencies at 900 MHz and 1800 MHz, both with and without the hand, followed 
the same general trend as observed with the SAR results. Antenna model 1 had generally the 
lowest radiation efficiencies. The radiation efficiencies of antenna model 2 were slightly 
lower than those of the reference antennas. The lower radiation efficiencies of antenna model 
1 can be partly explained by its stronger excitation of the chassis wavemodes. It can be also 
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expected that electric field components tangential to the surface of the head model are fairly 
strong under the coupling element of antenna model 1. This most likely leads to an additional 
power loss in the user’s head compared to more traditional designs, such as antenna model 2 
and the reference antennas, in which the exciting element is placed fully on top of the chassis. 
 
The above-described results are fully supported by the observations of [37], i.e. that there 
exists a clear connection between the bandwidths, radiation efficiencies in talk position, and 
SARs of mobile terminal antennas. When bandwidth (or bandwidth-to-volume ratio) is 
increased by a stronger coupling to the chassis wavemodes, SAR increases and radiation 
efficiency in talk position decreases. Decreasing of SAR (and increasing of efficiency) 
without severely affecting the bandwidth could be attempted by changing the current 
distribution of the chassis, as described in [59],[78]. Nevertheless, the above-described trade-
off obviously needs to be accepted when coupling elements are used instead of self-resonant 
antenna technologies, such as PIFAs. The improvement obtained in bandwidth-to-volume 
ratio with coupling elements, however, is multifold compared to the respective increase of 
SAR and decrease of radiation efficiency in talk position [P1]. Thus, coupling elements offer 
a competitive and promising alternative for traditional antenna technologies. 
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4 Multi-band and multi-resonant antenna structures 
 
4.1 INTRODUCTION 
 
The number of radio systems in which modern mobile terminals are required to operate is 
growing steadily. In addition to the European E-GSM900 (880 MHz – 960 MHz) and 
GSM1800 (1710 MHz – 1880 MHz) systems, many new mobile terminals are also able to 
operate in the GSM850 (824 MHz - 894 MHz) and GSM1900 (1850 MHz – 1990 MHz) 
systems. These quad-band terminals are often equipped with support for Universal Mobile 
Telecommunication System (UMTS), which operates at the frequency range of 1920 MHz – 
2170 MHz. In addition to the above, many modern mobile terminals directed for business 
users are able to operate according different Wireless Local Area Network (WLAN) 
standards. Currently WLAN systems work at the ISM band (2400 MHz – 2500 MHz) and at 
the 5 GHz region (5150 MHz – 5825 MHz). In addition to WLAN, there exist many non-
cellular systems that are already in use or are planned to be incorporated in mobile terminals. 
These include e.g. Bluetooth (ISM band), Global Positioning System (GPS), FM radio, Ultra 
Wideband (UWB) systems and Radio Frequency Identification (RFID). A great deal of 
expectations has been put into the Digital Video Broadcasting for Handheld (DVB-H) system 
(470 MHz – 860 MHz), which has lately been taken into commercial use in Europe.  
 
While new radio systems have been actively taken into commercial use, the trend in the 
market has been towards shorter and significantly thinner terminal devices with very limited 
space available for internal antenna elements. Novel low-volume and low-profile antenna 
technologies are thus urgently needed. In the following, first traditional ways of implementing 
internal multi-band and multi-resonant antenna structures are briefly reviewed1. This is 
followed by discussion on the implementation techniques of coupling element based multi-
band and multi-resonant antennas, including the contributions of this thesis 
[P2],[P3],[P4],[79],[80]. 
 
4.2 TRADITIONAL INTERNAL ANTENNA SOLUTIONS 
 
4.2.1 General 
 
Different variants of PIFAs, IFAs, and planar monopoles are the most common internal 
antenna solutions used in mobile terminals. The antenna elements are usually self-resonant, 
i.e. impedance matching takes place inside their metallic structure. The resonant frequency is 
adjusted by tuning the electrical length of the current path provided by the antenna element to 
match quarter-wavelength at the desired operating frequency. Below 1 GHz, like at the  
E-GSM900 band, the physical length of the current path becomes so large that some kind of 
meandering of the antenna element is usually needed to keep its dimensions compact. After 
all the necessary resonances have been excited, the feed of the antenna element must be 
appropriately coupled with the resonances. This is usually done by tuning the location of the 
feed and possibly also some dimensions of the antenna element. Finally, in order to maximize 
the bandwidth-to-volume ratio of the antenna structure, the shape and location of the antenna 
                                                 
1 In this thesis, the term “multi-band” is used to refer to an antenna that uses two or more resonances to cover 
two or more clearly separate frequency bands, e.g. those of the E-GSM900 and GSM1800 systems. The term 
“multi-resonant” is used to refer to an antenna that has two or more closely-tuned resonances within an 
individual band of operation, e.g. that of the E-GSM900 system. 
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element should be selected so that it couples as strongly as possible to the wavemodes of the 
chassis. This aspect has often not been considered in papers where different types of self-
resonant multi-band antenna structures have been reported for mobile terminals. 
 
4.2.2 The general principle of multi-band antennas 
 
A well-known way to create two separated resonances with a single-feed antenna element is 
to shape the element in such a way that it provides two quarter-wavelength current paths with 
different resonant frequencies. The principle was for the first time applied in [60] in the 
implementation of a dual-band GSM900/GSM1800 PIFA, and later in numerous other 
publications like in [9],[34],[61],[62]. The idea has also been widely used with planar 
monopole antennas [81],[82] and IFAs [83], to give only a few examples.   
 
4.2.3 Multi-band antennas with multiple resonances per band 
 
As shown in [77],[84], the bandwidth of a single-resonant shorted patch can be more than 
doubled by dividing the patch into two narrower shorted patches, of which only one is 
actively fed while the other one works as a parasitic element. Parasitic radiating elements 
have been widely used for adding one or more resonances to the lower [85],[86] and upper 
[9],[34],[62],[86] bands of dual-band PIFAs. The idea has also been applied to increase the 
impedance bandwidths of dual-band planar monopole antennas [82],[87]. 
 
One way to simultaneously obtain a multi-resonant response in both the lower and upper 
bands of a basic dual-band GSM antenna is to add a lumped element matching network to the 
feed of the antenna element [73],[88]. The lower band of a dual-band antenna can also be 
made dual-resonant by connecting a distributed high-Q matching resonator appropriately to 
the antenna element [89]. Obviously, the same technique can be used at the upper band. 
 
Another technique to obtain (effectively) a multi-resonant response within individual bands of 
a multi-band antenna is to apply electrical frequency tuning within those bands. Examples are 
given e.g. in [83],[90]. Frequency tunable antennas have the disadvantages of some extra 
losses caused by the tuning circuit and distortion caused by non-linear tuning components.  
 
4.3 COUPLING ELEMENT BASED ANTENNA SOLUTIONS 
 
4.3.1 General 
 
There exist a few general principles of implementing multi-resonant and multi-band antenna 
structures for mobile terminals by using the idea of coupling elements. As described in [51], 
one or more matching circuitries can be connected to a single non-resonant coupling element. 
The matching center frequencies associated with each matching circuitry can be tuned close to 
each other (multi-resonant response), or clearly apart from each other (multi-band response). 
The connection between the matching circuitries and the coupling element can be arranged by 
two means. One way is to simultaneously connect all the matching circuitries to the coupling 
element. If isolation between the feeds of the matching circuitries gets too low, it can be 
feasible to arrange the connection with an RF switch. 
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Another general principle, as described in [51], is to connect a single matching circuitry to 
one or more coupling elements. Each coupling element can be assigned its own frequency 
band, e.g. that of the E-GSM900 or GSM1800 system, after which the coupling elements can 
be individually optimized according to the specific needs of their operating bands. The 
matching circuitry is designed such that it provides impedance matching at the desired 
frequency bands. In practice, a feasible solution can be to use several matching circuitries 
connected to several coupling elements. 
 
4.3.2 Patch-type coupling elements 
 
Single-resonant antenna structures based on traditional patch-type (capacitive) coupling 
elements have been demonstrated at cellular frequencies in [35],[51]-[54],[91],[P1]. The next 
step is to tune the combination of a chassis and non-resonant coupling element into dual 
resonance. Explicit design equations for a matching network, which can be used for tuning 
coupling element based antenna structure optimally into dual resonance with a minimum 
circuit complexity have been derived in this work [P2] (see Section 3.3.4). Dual-resonant 
matching of coupling elements has been demonstrated in practice in this work [79],[80],[P3], 
and in [55],[91]-[93].  
 
A coupling element based quad-band antenna structure being able to cover the frequency 
bands of the GSM850, E-GSM900, GSM1800 and GSM1900 systems with at least 6 dB 
return loss and high radiation efficiency (≥ 75% in free space) was introduced in this work 
[79],[80],[P3]. According to the author’s knowledge, it is the first published coupling element 
based antenna structure capable of such performance. Fig. 4.1 (a) presents the layout of the 
antenna structure. The antenna structure has two optimally shaped and located coupling 
elements, one for the lower GSM bands and one for the higher GSM bands. The coupling 
elements have a very low profile (4 mm) and they occupy a total volume of only 0.7 cm3. 
Both coupling elements have their own matching circuits (see Fig. 4.1 (b)), which are used to 
produce dual-resonant matching for both the lower and upper GSM bands. At the end of the 
matching arrangement, the feeds of the lower- and upper-band matching circuits are 
connected together to get just a single feed for the whole antenna structure. The simulated  
10 g averaged SAR values of the antenna structure fulfill the specifications (Table 2.1). 
 
Following this work [79],[80],[P3], a quad-band GSM antenna structure incorporating two 
optimally placed coupling elements was demonstrated in [92]. The coupling arrangement 
occupied a total volume of 3 cm3 and had the height of 10 mm (5 mm on both sides of the 
chassis). Both coupling elements had their own matching circuits implemented as simple 
tapped microstrip lines. A novel balun-type resonant screen (see details from [92]) was used 
to make the chassis (100 mm x 40 mm) of the terminal appear as a λ/2-resonator at 1.8 GHz, 
and thus make the upper band of the antenna structure dual-resonant. A similar technique was 
used later in [94] to increase the upper band performance of multi-band PIFAs. In [92], the 
resonant screen simultaneously worked as a capacitive load for the chassis, thus increasing its 
electrical length and improving bandwidth at the problematic GSM850/E-GSM900 bands. 
 
Frequency tunable matching circuits
 
It was demonstrated in [91] by simulations that it is possible to cover the E-GSM900, 
GSM1800 and UMTS system bands with a frequency tunable matching circuitry connected to  
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Figure 4.1. (a) Geometries of the coupling elements and the chassis of the quad-band antenna 
structure reported in [P3], and (b) a schematic of the matching circuitry. The blocks on the 
matching circuitry represent microstrip lines (W = width and l = length). 
 
a simple coupling element. A Single-Pole Five-Throw (SP5T) switch connected to the feed of 
the coupling element was used for selecting one of five matching circuitries, each having 
different matching center frequencies and its own feed. A similar idea was applied at the 
DVB-H band in [93],[95]. The matching circuitry had two SP2T switches, one at the feed of 
the coupling element and one at the feed of the matching circuitry. It was demonstrated that it 
is possible to meet the realized gain specifications of the DVB-H system [96] with a low-
profile coupling element having the volume of only 1.5 cm3. 
 
As well-known, the power loss caused by a resistive component, such as an RF switch, is 
directly proportional to the square of the current flowing through the component. Thus, in 
order to minimize power loss in a frequency tunable matching circuitry, switches should be 
placed in high-impedance, i.e. low-current locations. As known e.g. from [P2] and [P4], the 
input impedance of a patch-type coupling element is usually fairly low at cellular frequencies. 
In power loss point of view, the input of a coupling element therefore does not represent an 
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optimum location for a switch. As part of this thesis, a novel frequency tunable dual-resonant 
matching circuitry optimized with respect to power loss was designed for coupling element 
based antenna structures. The first, simulation-level study of matching circuit was reported in 
[P4]. A schematic of the matching circuit is shown in Fig. 4.2 (a).  
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Figure 4.2, (a) A schematic of the frequency tunable matching circuitry introduced in [P4].  
Stub 1 and Stub 2 represent open-circuited microstrip lines (W = width and l = length). (b) 
The simulated frequency responses of reflection coefficient, and (c) the simulated total 
efficiencies obtained with the frequency tunable and reference matching circuitries. 
 
Inductor L1 in Fig. 4.2 (a) controls the resonant frequency of the antenna structure when the 
switches are in the up-position (Switch pos. 1). Resonant frequency can be tuned down with a 
parallel, open-circuited microstrip line (Stub 1) placed after the first switch (in Switch pos. 2). 
Stub 1 can be alternatively implemented as a parallel shorted inductor. When the resonant 
frequency of the antenna structure is tuned, both the size and location of the dual resonance 
circle on the Smith-chart become detuned. The detuning can be compensated by tuning the 
second component of the matching circuitry (L3), and by adding another stub (Stub 2) before 
the second switch. The topology of the matching circuitry has been chosen such that both 
switches are in a high-impedance, i.e. low-loss location. In [P4], the matching circuit was 
applied in switching between the up- and down-link bands of the E-GSM900 system. With 
the frequency tunable matching circuitry, clearly better matching and larger total efficiency is 
obtained over the E-GSM900 band than with the passive reference matching circuitry2. The 
next step would be to design and build a prototype, and measure it. The distortion caused by 
                                                 
2 The topology of the passive reference matching circuitry is similar to the one of the GSM850/900 matching 
circuitry shown in Fig. 4.1 (b). Impedance matching with the reference matching circuitry has been optimized 
according to Lretn = 4 dB criterion, which gives the best available matching over the E-GSM900 band. 
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the non-linear switches should be studied with two-tone intermodulation distortion 
measurements. The results of [97] indicate that there might be a trade-off between the 
distortion and the power loss caused by a non-linear tuning component [41]. 
 
4.3.3 Loop-type coupling elements  
 
One way to excite the wavemodes of the chassis is to use loop-type (inductive) coupling 
elements placed in the locations of magnetic field maxima of the wavemodes [51]. The first 
and so far the only multi-band application of the idea, according to the author’s knowledge, 
was reported in [56]. Two low-volume loop-type couplers, one for the GSM850/E-GSM900 
bands (V = 0.11 cm3) and one for the GSM1800/GSM1900/UMTS bands (V = 0.08 cm3), 
were placed on top of a 5 mm narrow strip interconnecting the base and flip parts of a 
clamshell phone in the open position. Each coupler had an integrated matching circuit realized 
as a simple capacitive termination. The lower bands were covered with larger than 8 dB return 
loss and the higher bands with larger than 10 dB return loss. It was also demonstrated in [56] 
that it is possible to cover the DVB-H band with larger than 7 dB return loss by an inductive 
coupling element and a capacitor both integrated within the hinge of a clamshell phone. 
 
4.3.4 Coupling via a slot on a chassis 
 
Excitation of chassis wavemodes can also be arranged with a feed placed over an impedance 
discontinuity on a chassis, such as a slot. It was demonstrated in [57] that it is possible to 
obtain better than 6 dB matching from roughly 0.9 GHz to roughly 3.7 GHz by placing direct 
feeds over the two slots of an E-shaped chassis having the dimensions of 105 mm x 65 mm. 
The wide-band operation was possible due to very strong excitation of several resonant 
wavemodes of the chassis and the λ/4 resonances of the slots. 
 
It was shown in [58] that it is possible to meet the realized gain specifications of the DVB-H 
system with 4 dB margin by placing a direct feed over one of the two slots of a meandered, S-
shaped chassis having the dimensions of 130 mm x 75 mm. A simple, L-section matching 
circuitry connected to the direct feed was used to tune the antenna structure into dual 
resonance with larger than 1.6 dB return loss over the DVB-H band. 
 
In [98], a slot placed in the middle of a 100 mm x 40 mm chassis was fed by an open-ended 
microstrip line oriented in parallel with the slot (crossing the slot at one point). A triple-
resonant response was obtained with contributions from the lowest order resonant wavemode 
of the chassis, λ/4 resonance of the slot, and the open-ended stub of the microstrip line. The 
antenna structure was able to cover the frequency range of 0.9 GHz to 2.7 GHz with larger 
than 6 dB return loss and larger than 70 % total efficiency. 
 
The results of [57],[58],[98] demonstrate that placing a feed over a slot on a chassis provides 
a volume-efficient way of realizing broad-band antenna structures for mobile terminals. It can 
be suspected, however, that the volume both above and under the slot needs to be kept free of 
any metallic objects, such as the display and battery of a terminal, and possible EMC-shields 
usually existing inside modern mobile terminals. Furthermore, it can be suspected that the 
effect of the user’s head and hand on the performance (efficiency and matching) of a slot-
based antenna structure can be larger than on the performance of a traditional antenna 
structure having a solid chassis. These aspects have not been considered in [57],[58],[98]. 
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5 Radiation characteristics of mobile terminal antennas in wide frequency 
range 
 
5.1 INTRODUCTION 
 
Based on [5],[29]-[40], it is clear that the bandwidth, radiation efficiency in talk position, and 
SAR of mobile terminal antennas are strongly affected by the resonant wavemodes of the 
chassis. These studies have been mainly carried out with self-resonant antenna elements at 
single frequencies, typically at 900 MHz and 1800 MHz, by changing the physical 
dimensions of the chassis, and thus the resonant frequencies of the wavemodes of the chassis. 
Another approach, perhaps a more realistic one, is to study the bandwidth, radiation efficiency 
in talk position, and SAR as a function of frequency while keeping the size of the chassis 
constant. The idea of coupling elements suits particularly well for this purpose, as the 
structure of a non-resonant coupling element is not tied to any specific operating frequency. 
Relative bandwidth, for example, can be studied as a function of frequency (Section 5.2.1) by 
simply tuning a separate matching circuitry, as demonstrated in [P1],[P4],[P5]. Similarly, 
radiation efficiency in talk position, and SAR can be studied over wide frequency band by 
applying the idea of coupling elements [P5] (Section 5.2.2). 
 
In recent years, foldable clamshell-type phones have become very popular, and several 
antenna solutions for those have been suggested, e.g. [56],[99]-[102]. When a clamshell 
phone is opened or closed, it is clear that also the characteristics of the resonant wavemodes 
of the chassis of the phone become affected. For an antenna designer, it would obviously be 
useful to understand the behavior of the wavemodes of the chassis when the mechanical use 
position of the phone changes. Furthermore, an antenna designer should make sure that high 
enough total efficiency is obtained in all relevant mechanical use positions of the phone. In 
general, these aspects have attained very little attention in scientific contributions reporting 
antenna structures for clamshell phones. To fill this gap, the radiation properties of the 
resonant wavemodes of the chassis of a clamshell phone were studied systematically as part 
of this work [P4] with help of coupling elements (Section 5.3). Also, the effect of opening and 
closing a clamshell phone on antenna performance was investigated in [P4]. 
 
5.2 BANDWIDTH, SAR AND EFFICIENCY OVER WIDE FREQUENCY BAND 
 
5.2.1 Bandwidth 
 
The bandwidth of the combination of a non-resonant coupling element and a chassis can be 
studied as a function of frequency by simply tuning the matching circuitry. Application of the 
idea was for the first time demonstrated as part of this work in [P1]. Later, the approach was 
also used in [P4],[P5], and by other authors in [50]. If bandwidth is studied in a wide 
frequency band, like in [P1],[P4],[P5],[50], both the topology and the component values of 
the matching network need to be optimized individually for each matching frequency. In [P1], 
for example, four different L-section matching circuit topologies were needed to cover the 
frequency range of 0.5 GHz – 4.1 GHz.   
 
In [P5], the behaviour of the bandwidths, radiation efficiencies in talk position, and SAR 
values of two antenna models based on coupling elements having the same volumes (2.9 cm3) 
and heights (6.6 mm) were studied over the frequency range of 0.6 GHz - 6 GHz by 
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simulations. The coupling element of antenna model 1 was placed in a traditional way fully 
on top of the chassis, similarly as in Fig. 3.4 (b). The coupling element of antenna model 2 
was located and shaped more optimally (similarly as in Fig. 3.4 (a)) to obtain stronger 
coupling to the wavemodes of the chassis. Both antenna models were studied in free space 
and in the standard “cheek” position [17] beside a SAM head model, with two different hand 
models (from [37]) holding the phone. Hand model 1 models mainly the palm of a hand. Its 
fingers are very short, and the distance between the palm and the chassis is only 2 mm [37]. In 
hand model 2, the distance between the palm and the chassis is clearly larger, 49.5 mm [37]. 
Material parameters for the head and hand models were computed separately for each 
simulation frequency by using the parametric model reported in [103]. According to the 
author’s knowledge, wideband studies similar to this work [P5] have not been reported before 
in open literature. Fig. 5.1 presents the 6-dB relative bandwidths obtained when the simulated 
input impedances of the coupling elements have been critically matched to 50 Ω at each 
simulation frequency by a lossless lumped element L-section matching circuitry. 
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Figure 5.1. Relative bandwidths (Lretn ≥ 6 dB) as a function of frequency for the two antenna 
models studied in [P5]. (a) Results obtained in free space, and (b) results obtained with the 
phone positioned  next to a head model (d = 7 mm) and two different hand models. 
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Generally higher bandwidths are obtained both in free space and in talk position with antenna 
model 1, whose coupling element excites the wavemodes of the chassis more strongly than 
that of the antenna model 2. The strong effect of the resonant wavemodes of the chassis on the 
relative bandwidth can clearly be seen from the bandwidth curves. In general, the amplitude 
of chassis wavemodes and thus the impedance bandwidth reaches its maximum when the 
operating frequency equals with the resonant frequencies of the wavemodes of the chassis 
[P5]. Similar result has been obtained in studies conducted at single frequency by changing 
the physical length of the chassis [5],[29]-[37]. 
 
In free space, the first three dipole mode resonances of the 100 mm long chassis are located at 
around 1.2 GHz, 2.5 GHz, and 4 GHz. At the first order resonance, the electrical length of the 
chassis is roughly 0.4λ0, which is somewhat less than the effective electrical length of the 
chassis (0.5λ0). The second and third order resonances occur when the electrical length of the 
chassis corresponds to roughly 0.9λ0 and 1.4λ0, respectively. Previous studies [5],[29]-[37] 
have only considered chassis lengths up to 1.1λ0, and have thus missed the third resonance 
and everything above it. 
 
Based on the information available from Fig. 5.1 (b), it was concluded in [P5] that the type of 
the hand model does not have significant effect on the resonant frequency of the second order 
resonance of the chassis. Examination of the real parts of the simulated input impedances of 
the coupling elements3, however, reveals that the conclusion of [P5] is not correct. With hand 
model 1, three resonances located at around 850 MHz, 1.8 GHz, and 2.4 GHz can be found 
from the input impedances (not shown here) of both antenna models. These resonances can be 
attributed to the first, second, and third order resonances of the chassis, which have been 
tuned down in frequency by roughly 30%, 33%, and 42% compared to the free space resonant 
frequencies, respectively. The behavior is expected, as hand model 1 covers a large part of the 
surface of the chassis with a very short distance. The first and third resonances of the chassis 
can be observed as clear bandwidth peaks at around 850 MHz and 2.4 GHz. The second 
resonance of the chassis is clearly visible only with antenna model 1.  
 
With hand model 2, the first and second order resonances of the chassis are located roughly at 
1.2 GHz and 2.3 GHz. Apparently, the distance between the palm of hand model 2 and the 
surface of the chassis is so large that the resonant frequencies of the chassis stay almost 
unchanged compared to the corresponding free space values. Nevertheless, it is obviously 
important to take the user’s head and hand into account when studying the impedance 
bandwidths of mobile handset antennas. 
 
Above roughly 3 GHz, the fluctuation of bandwidth starts to settle and the amplitude of the 
currents flowing on the chassis decreases rapidly [P5]. Also, the bandwidths of antenna model 
1 and antenna model 2 approach each other. The contribution of the longitudinal dipole 
modes of the chassis on radiated power can be thus expected to be fairly weak above 3 GHz. 
The conclusion is supported by the results of [P1], in which roughly equal bandwidths were 
obtained at frequencies above 3 GHz with a coupling element situated on top of the shorter 
end of a chassis and with the same coupling element situated on top of an infinite ground 
plane. 
                                                 
3 The real part of the input impedance of a patch-type coupling element has typically local maxima at the 
resonances of the chassis, which can be seen e.g. from the Smith-chart plots of [P1] and [P4].  
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5.2.2 SAR and radiation efficiency in talk position 
 
Fig. 5.2 presents the simulated 10g averaged SAR values (in the head model) and radiation 
efficiencies of the antenna models studied in [P5] as a function of frequency. 
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Figure 5.2. (a) 10g averaged SAR values in a head model and (b) radiation efficiencies in talk 
position as a function of frequency for the two antenna models studied in [P5]. Two different 
hand models have been included in the simulations. Antenna input power has been Pin = 1 W. 
 
Two local SAR maxima on the head model were observed in the simulations conducted in 
[P5], the first one under the middle part of the chassis and the second one under the coupling 
elements. Below roughly 3 GHz, the first local SAR maximum caused by the wavemodes of 
the chassis is dominant. When the frequency increases towards 3 GHz, the wavemodes of the 
chassis become weaker [P5], and thus the 10g averaged SAR has a decreasing trend. 
Respectively, the wavemodes of the antenna element become stronger as frequency increases. 
The crossing point in SAR is at about 3 GHz, above which the local SAR maximum under the 
coupling elements is stronger than the local SAR maximum under the middle part of the 
chassis [P5]. The change in the location of the global head SAR maximum can be clearly seen 
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in Fig. 5.2. (a); at around 3 GHz, the head SAR values start increasing strongly, as the 
wavemodes of the coupling element increase their amplitude. 
 
Below 3 GHz, a similar general trend between impedance bandwidth, radiation efficiency in 
talk position, and SAR was observed in [P5] as what has been earlier reported in [37],[38]. 
When bandwidth increases due to a resonance of the chassis, SAR in the head increases and 
radiation efficiency decreases. This trend is most clearly noticeable near the first order 
resonance of the chassis. In the whole frequency range, the head SAR values of antenna 
model 2 are higher and the radiation efficiencies mostly lower than those of antenna model 1. 
This can be explained similarly as in Sections 3.4.2 and 3.4.3, i.e. by the shapes and locations 
of the coupling elements. The results of [P5] additionally show that although optimally 
shaped and located coupling elements are used for exciting strongly the wavemodes of the 
chassis, the SAR values stay at acceptable level over wide frequency range. 
 
In [P5], 10g averaged SAR values for the hand models were reported as well. With hand 
model 2, clear SAR peaks located roughly at 1.5 GHz and 3.4 GHz were observed. At around  
1.5 GHz, SAR maxima were located in the palm of the hand model, whereas at around  
2.4 GHz, the SAR maxima were located in the thumb of the hand model. With hand model 1, 
clear SAR peaks (maxima at the palm) existed only around 1.6 GHz. No clear connection was 
found between the resonances of the chassis and the above-described hand SAR peaks. 
Obviously, a separate in-depth study on the near-fields of the antenna models would be 
needed to clarify all the details and findings of [P5].  
 
5.3 ANTENNA PERFORMANCE IN CLAMSHELL-TYPE PHONES. 
 
In most contributions where the performance of internal antennas has been studied in 
clamshell-type phones, e.g. in [99]-[102], attention has not been given for understanding the 
resonant wavemodes of the chassis, and their effect on the antenna performance. Futhermore, 
antenna performance evaluation has been usually carried out only in the open position of a 
clamshell phone.  
 
In [46], the theory of characteristic wavemodes [44],[45] was used to study the radiation 
properties of the chassis of a clamshell phone. The base part of the phone was modeled by a 
70 mm x 40 mm (length x width) metal plate and the flip part as a 50 mm x  
40 mm plate. The hinge of the phone, i.e. the connection between the base and flip parts, was 
modeled by a 15 mm long and 40 mm wide metal plate. Both open and closed positions of the 
phone were studied. Under plane-wave excitation, two dipole modes resonating along the 
longitudinal axis of the chassis were identified in the open position, the first one resonating at 
982 MHz (Qr = 3.3) and the second one at 1985 MHz (Qr = 4.0). In the closed position, three 
longitudinal modes were identified, the first one resonating at 993 MHz (Qr = 23.5), the 
second one at 1957 MHz (Qr = 1.1), and the third one at 3049 MHz (Qr = 2.4). The first, i.e. 
the λ/2-resonant mode of the chassis, had counter-oriented currents flowing on the base and 
flip parts of the phone, which explained its high Qr. Currents of the second and third modes, 
i.e. the λ- and 3λ/2-resonant modes of the chassis, were mainly co-oriented at the opposing 
parts of the base and flip parts of the chassis, which explains the low Qr of these modes. 
 
In this work [P4], the radiation properties of the resonant wavemodes of the chassis of a 
clamshell phone, and their effect on antenna performance were systematically studied over 
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wide frequency band with help of coupling elements. Part of the findings have been published 
by the second author of [P4] already in [104]. In the simulations and measurements conducted 
in [P4], the clamshell phone was modeled by two metal plates of size 70 mm x 40 mm (length 
x width), connected to each other with a 6 mm long and 4 mm wide metal strip, i.e. the hinge. 
The coupling element was a simple rectangular patch placed on top of the other short end of 
the chassis. In both open and closed positions of the clamshell phone, the first three resonant 
modes of the chassis were clearly distinguishable from the simulated and measured input 
impedances of the coupling element. In the closed position, for example, the λ/2 and 3λ/2 
resonances of the chassis were visible as clear resonance circles on the Smith chart. Table 5.1 
summarizes the resonant frequencies extracted from the simulated impedances. As can be 
seen, the resonant frequencies of the chassis modes are generally lower than those reported in 
[46]. This can be explained by the different lengths of the flip parts of the phone models and 
by the different dimensions of the hinges used in [46] and [P4]. 
 
Table 5.1, Simulated (IE3D) resonant frequencies of the λ/2 (fr1), λ (fr2), and 3λ/2 (fr3) 
resonant modes of the chassis of the prototype antenna studied in [P4]. 
 
 fr1 [GHz] fr2 [GHz] fr3 [GHz] 
Clamshell open 0.77 1.79 2.35 
Clamshell closed 0.79 1.58 2.45 
 
The effect of the resonant modes of the chassis of a clamshell phone on antenna performance 
was investigated in [P4] by studying bandwidth and radiation efficiency as a function of 
frequency. Fig. 5.3 presents the relative bandwidths (computed similarly as in Section 5.2.1) 
obtained with three different widths of the hinge. From the results obtained in the open 
position of the phone, three clear bandwidth maxima located at around the λ/2, λ, and 3λ/2 
resonances of the chassis can be observed. Also radiation efficiency reaches its local maxima 
at the resonances of the chassis [P4]. Decreasing of the width of the hinge shifts the first and 
third bandwidth maxima to lower frequencies, while the second maximum remains almost 
unchanged. This behavior is expected, as narrowing of the hinge makes the chassis 
electrically longer. The second peak is not affected much as a current minimum at the full-
wave resonance of the chassis is located at the hinge. 
 
In the closed position of the phone, only the full-wave (λ) resonance of the chassis has high 
bandwidth potential, i.e. low Qr. The λ/2 resonance of the chassis is of non-radiating type, 
which shows up as an inherently narrow bandwidth and a dip in the radiation efficiency (see 
[P4]). The findings above are fully supported by the theoretical results of [46]. The third, i.e. 
the 3λ/2 resonance of the chassis, is visible in Fig. 5.3 (b) only as a slight rise in the 
bandwidth. This contradicts with the results of [46], which predict fairly low Qr for the 
resonance. By examining simulated current distributions (not shown here), it can be found 
that currents at the base and flip parts of the phone are counter-oriented at the 3λ/2 resonance, 
which explains the result of [P4]. In [46], on the contrary, currents on the base and flip parts 
of the chassis were mainly co-oriented. The difference can be explained by the different 
dimensions of the hinges used in [P4] and [46]. The electrical length of the hinge affects the 
distribution of currents on the base and flip parts of the chassis, and thus the Qr of the chassis 
wavemodes. 
 
 
 38
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
0
2
4
6
8
10
12
14
16
Center frequency [GHz]
R
el
at
iv
e 
ba
nd
wi
dt
h 
[%
]
hinge width = 4 mm
hinge width = 2 mm
hinge width = 1 mm
 
(a) 
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
0
1
2
3
4
5
6
7
8
9
10
11
12
Center frequency [GHz]
Re
la
tiv
e 
ba
nd
wi
dt
h 
[%
]
hinge width = 4 mm
hinge width = 2 mm
hinge width = 1 mm
 
(b) 
 
Figure 5.3. Relative bandwidths obtained in the (a) open and (b) closed positions of the 
clamshell phone model studied in [P4]. Results are shown for three different hinge widths 
 
The results of [P4] bring out the problematic nature of designing wideband and high-
efficiency GSM850 and E-GSM900 antennas for clamshell phones. In the open position, the 
half-wavelength resonance of the chassis is located below 800 MHz. Moving of the resonance 
up in frequency, e.g. by decreasing the electrical length of the hinge, would increase 
bandwidth potential at the GSM850/E-GSM900 system bands. Closed-position performance, 
however, would get worse as the non-radiating resonance of the chassis would move to the 
desired operating band. If the effective electrical length of the hinge is increased, e.g. by 
making the hinge physically longer or narrower, the half-wavelength resonance of the chassis 
moves further below 800 MHz, which decreases bandwidth potential in the open position. 
 
In [P4], also the effect of opening and closing the clamshell phone on the impedance 
matching of the antenna structure was studied at the E-GSM900 band. In case of dual-
resonant matching, the size of the resonance circle on the Smith chart decreased significantly 
when the phone was opened. If the antenna structure was tuned optimally into dual-resonance 
in the closed position of the phone, very good bandwidth and impedance matching was 
obtained also in the open position, which can be attributed to the decreased Qr of the half-
wavelength resonant mode of the chassis. It was thus considered advisable to optimize 
impedance matching for the closed position of the phone. Optimization of impedance 
matching for the open position of the phone would have resulted in very poor matching in the 
closed position, as the dual resonant response would have become clearly too over-coupled.  
 39
6 Performance evaluation of multi-antenna configurations 
 
6.1 INTRODUCTION 
 
One of the special features of a radio channel is multipath propagation. Due to reflections, 
diffractions, and scattering from physical objects in the radio channel, transmitted waves 
arrive at a mobile terminal along multiple propagation paths. In consequence, the incident 
signal power consists of multiple components, each having its distinctive angle of arrival, 
phase, and amplitude. At the receiver, the multipath components either add up constructively 
or cancel each other. When the mobile terminal moves, the relative phases of the multipath 
components change, which causes rapid variations and deep fades, i.e. fast fading, in the 
envelope of the received signal power [105]. 
 
The so-called Single-Input Multiple-Output (SIMO) systems having a single transmit antenna 
and multiple receive (diversity) antennas offer a well-known way to mitigate the effects of 
fast fading [105]-[107]. The benefit of using diversity antenna reception is based on the fact 
that the signals received by two or more antennas are usually at least partly uncorrelated. If 
the signal received by one antenna experiences a deep fade, it is likely that at least one of the 
other diversity antennas provides sufficient signal strength. 
 
Wireless systems with multiple antennas at both ends of the radio link, i.e. Multiple-Input 
Multiple-Output (MIMO) systems, have been under intensive study during the last decade. In 
the presence of a rich scattering multipath environment, MIMO systems can provide parallel 
independent information channels within a given bandwidth, and together with spatial 
multiplexing (e.g. V-BLAST [108],[109]) offer substantial gains in terms of system capacity 
[108]-[111]. By applying space-time coding, or its derivatives, MIMO can also be used as a 
diversity-based scheme to combat the effects of channel fading [112],[113].   
 
At the mobile terminal end of a radio link, the angular power distribution of incident waves is 
typically non-uniform both in elevation and in azimuth [114],[115],[116]. Moreover, the 
angular distribution depends strongly on the type of the environment [114]. Thus, when 
evaluating the true performance of mobile terminal multi-antenna configurations, it is 
extremely important to study them under realistic channel conditions. A novel test bed for this 
purpose has been thoroughly evaluated as part of this work in [P6]. Also, it is very important 
to realistically model the whole metallic structure of the multi-antenna terminal, i.e. the 
combination of the chassis and the antenna elements. This is due to the significant 
contribution of the wavemodes of the chassis to the radiation pattern characteristics of mobile 
terminal antenna structures. For a complete picture on the performance of a multi-antenna 
configuration, the effect of the user’s head and hand should also be considered. In general, 
there seems to be a shortage of publications where the performance of realistic multi-antenna 
configurations has been studied empirically in several different types of real, physical 
environments. To fill this gap, the performance of several realistic mobile terminal multi-
antenna configurations has been extensively studied as part of this work in [P7] and [P8]. 
 
In this chapter, first the most important performance metrics for multi-antenna terminals and 
systems are shortly described. After this, a novel multi-antenna test bed [P6] is introduced and 
its accuracy is discussed. This is followed by a discussion on the main empirical findings 
reported in [P7] and [P8], but also other studies available in open literature are considered. 
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6.2 PERFORMANCE METRICS FOR MULTI-ANTENNA TERMINALS AND SYSTEMS 
 
6.2.1 Diversity gain and envelope correlation 
 
Presumably the most common indicator used to describe the diversity performance of multi-
antenna terminals in SIMO systems has been diversity gain. It is defined as the difference 
between the signal-to-noise ratios (SNR) of the signal after diversity combining and the signal 
of the stronger diversity branch, at a given level of cumulative probability [105]. Usually, 
diversity gain is computed at the level that 99% or 90% of the signals exceed, i.e. at p = 1% or 
p = 10% cumulative probability levels, respectively. In theory, diversity gain is maximized if 
the envelopes of the signals received by the diversity antennas are fully uncorrelated and if all 
diversity antennas receive the same average power [105]. When envelope correlation or 
branch power difference increases, diversity gain decreases [105]. This relationship has been 
demonstrated also experimentally in [117]. 
 
6.2.2 Effective Array Gain 
 
Under realistic channel conditions, total efficiency and diversity gain are not adequate 
performance metrics for describing the power reception properties of mobile terminal multi-
antenna configurations [114],[P7]. A more reliable picture is given by the so-called mean 
effective gain (MEG) [116], which has been widely used for describing antenna performance 
in single-input single-output (SISO) systems. It is defined as the ratio of the mean powers 
levels received by the studied antenna and a reference antenna in the same physical route 
[116]. The idea of MEG can be also extended to SIMO and MIMO systems, as in [118]. 
Another approach for characterising the power reception ability of an antenna configuration is 
provided by the so-called Effective Array Gain (EAG) [119] 
)()()( ,, pppEAG isototAUTtot γγ −= ,  (6.1) 
where γtot,AUT and γtot,iso are the total powers (SNRs) received by the antenna configuration 
under test and an isotropic reference antenna at a given level of cumulative probability (p), 
respectively (see [P8] for illustration). Due to its general definition, EAG can be readily used 
with any number of transmitting and receiving antennas, i.e. both in SIMO and MIMO 
systems. In order to get a comprehensive insight into the power reception properties of a 
multi-antenna configuration, it is important to study EAG at few different cumulative 
probabilities, such as at the p = 1% and p = 50% levels [P8]. 
 
6.2.3 Capacity and eigenvalue dispersion 
 
The instantaneous theoretical maximum capacity of a MIMO system in which the channel is 
not known by the transmitter is given by [108]-[111] 
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where notation det(•) is determinant, (•)H is transpose-conjugate, I is identity matrix, nt is the 
number of transmitting antennas, ρ is the average SNR at the receiver, and  is the )(iNH
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normalized channel matrix of the MIMO system for sample number i. The elements of the 
channel matrix HN, the size of which is nr x n  (where n  is the number of receiving antennas), 
represent connections between the different transmit and receive antennas. By applying 
spatial multiplexing under ideal channel conditions
t r
4, one may transmit min(nr,n ) independent 
data streams simultaneously within a fixed bandwidth [108],[109], which is the fundamental 
idea of MIMO. In practice, the elements of 
t
HN are partly correlated, which decreases capacity 
[120],[121].
 
In addition to SNR (ρ), the capacity of a MIMO system is affected by the distribution of the 
eigenvalues of . The optimum situation at high SNR region occurs when the 
eigenvalues, i.e. the gains of the subchannels of the MIMO system, are equal [122]. When the 
spread between the eigenvalues increases, e.g. due to increased fading correlation, capacity 
decreases [123]. A useful metric for characterizing the relative spread between the 
eigenvalues is provided by the so-called eigenvalue dispersion (EVD) [124] 
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which is the ratio of the geometric and arithmetic means of the eigenvalues (λ)( )(igm )(
)(i
am
(i)) of 
W(i). Parameter K in Eq. 6.3 represents the number of the eigenvalues. Eigenvalue dispersion 
gets values between 0 ≤ EVD ≤ 1, where the maximum value (optimum) represents the case of 
equal eigenvalues. The logarithmical value (multiplied by K) of EVD can be understood as the 
loss in capacity (in bit/s/Hz) from the capacity provided by K parallel equal-gain additive 
white Gaussian noise (AWGN) channels [124]. 
 
6.3 MEASUREMENT BASED ANTENNA TEST BED (MEBAT) 
 
6.3.1 General operating principle 
 
The most accurate way of evaluating the performance of a multi-antenna configuration would 
be to build a prototype, move it along a certain route, and measure the signal power received 
by it as a function of location. For a complete picture on the performance, the measurement 
procedure should be repeated in several different types of environments and with several 
antenna orientations (in talk position etc.). Obviously, the approach becomes easily too time-
consuming and expensive. Another option is to measure the directional properties of several 
radio channels and combine the information with the radiation patterns of the studied multi-
antenna configurations. First application of the idea was reported in [115], in which an 
antenna test bed for Single-Input Multiple-Output (SISO) systems was introduced and used in 
the evaluation of mobile terminal antennas. In this work [125],[P6], the antenna test bed 
developed in [115] was extended to cover also SIMO and MIMO systems, and its accuracy 
was thoroughly evaluated. Hereinafter the test bed will be referred to as measurement based 
antenna test bed (MEBAT)5. 
                                                 
4 i.e. under independent and identically distributed (i.i.d) flat fading Rayleigh channel. 
5 In [P6] the antenna test bed has been called experimental plane-wave based method (EPWBM).  
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MEBAT relies on radio channel measurements made beforehand. The channels used in this 
work [P6]-[P8] were selected from the extensive channel library of the Radio Laboratory of 
Helsinki University of Technology (TKK). The channels have been measured at 2.154 GHz 
with a real-time wide-band radio channel sounder [126] and a spherical antenna array 
consisting of 32 dual-polarized microstrip patch antennas [127]. In the measurements, the 
spherical antenna array and the channel sounder have been located on a motorized trolley, 
which has been moved along the measurement route at the desired speed. The directional 
properties of the radio channel have been estimated from the measured channel impulse 
responses as post-processing using beamforming. Detailed descriptions of the radio channel 
measurement system and data post-processing are presented in [126],[127]. 
 
In MEBAT, the directional data obtained from channel measurements is combined either with 
the simulated or measured complex 3-D radiation patterns of the studied multi-antenna 
configuration. Mathematical description of the procedure can be found from [105],[P6]. As an 
outcome, a vector of complex channel matrices describing the system (SISO, SIMO or 
MIMO) at each sample, i.e. at each location of the terminal, is obtained. From the channel 
matrices, all necessary performance metrics can be computed for the antenna configuration 
and the wireless system under study, such as those discussed in Section 6.2. 
 
Compared to direct measurements, MEBAT saves both time and costs. The performance of a 
multi-antenna configuration can be evaluated under realistic channel conditions already 
during the early simulation phase of antenna design process. Furthermore, the radio channel 
stays exactly the same for all antenna configurations under study, which enables fair 
comparison between the antenna configurations. If desired, the effect of the user’s head and 
hand can be easily included in the simulated or measured 3-D radiation patterns. The 
orientation of a terminal can be changed by simply rotating its radiation patterns. 
 
6.3.2 Accuracy evaluation 
 
In [P6], the accuracy of MEBAT was evaluated by comparing the results obtained from direct 
radio channel measurements carried out with the spherical antenna array to the respective 
results obtained from MEBAT. Data for the direct measurements was readily available from 
the channel library of TKK. Several different combinations of environments and the antenna 
elements of the spherical antenna array were selected for the analysis. At the transmitter side, 
either single (SIMO) or multiple (MIMO) antenna elements were used. The same 
environment-antenna combinations were studied with MEBAT based on the measured 
complex 3-D radiation patterns of the antenna elements of the spherical antenna array. 
 
In the diversity analysis carried out in [P6], 21 different 2 x 1 (nr x nt) SIMO systems were 
considered. Diversity gains were evaluated at p = 10% and p = 50% cumulative probabilities 
in two ways: as the improvement achieved when the power after maximal ratio combining 
(MRC) was compared at first to the power of the stronger diversity branch, and second, to the 
power of the weaker diversity branch. When the weaker branch was used as the reference, the 
average difference in diversity gains between the two methods was roughly 0.88 dB. When 
the stronger branch was used as a reference, the average difference between the methods was 
clearly lower, 0.39 dB at 10% level. In [P6], a realistic mobile terminal multi-antenna 
configuration was also considered. Fig. 6.1 presents a comparison of the results obtained from 
direct measurements (DM) and from the MEBAT (see [P6] for details). 
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Figure 6.1. Comparison of the results obtained from direct measurements (DM) and MEBAT 
(PWBM) in an indoor picocell environment with a realistic mobile terminal multi-antenna 
configuration placed (a) in free space and (b) beside a human head model [P6]. Br1 and Br2 
in the legend denote the two diversity branches of the antenna configuration. 
 
Based on the results of [P6], it can be claimed that MEBAT provides a rather accurate way of 
estimating diversity gain in SIMO systems; also in the case of realistic mobile terminal multi-
antenna configurations, as indicated by Fig. 6.1. In [P6], the suitability of MEBAT for MIMO 
system studies was validated by comparing the capacities and eigenvalues obtained from the 
direct measurements with those obtained from the MEBAT. Several different 2 x 2 and 4 x 4 
MIMO systems were considered. 
 
In general, the differences between the two methods were very small, both in terms of mean 
capacities and mean eigenvalues. The largest reported differences in the mean capacities were 
0.56 bit/s/Hz (14% relative difference) and 0.82 bit/s/Hz (10.5%) for the 2 x 2 and 4 x 4 
MIMO systems, respectively. In the 2 x 2 MIMO systems, the largest differences in the mean 
eigenvalues were 0.06 (70%) and 0.19 (17%) from the weakest to the strongest eigenvalue, 
respectively. In the 4 x 4 MIMO systems, the largest differences in the mean eigenvalues 
were 0.01 (64%), 0.03 (45%), 0.07 (19%), and 0.29 (17%) from the weakest to the strongest 
eigenvalue, respectively. Obviously, MEBAT is able to predict fairly accurately the strongest 
subchannels of a MIMO system, whereas the weakest channels are more problematic.  
 
The discrepancies between the results obtained from direct measurements and from MEBAT 
can be expected to be mainly caused by the limitations of the channel sounding system, i.e. 
the combination of the spherical antenna array and the beamforming-based channel estimation 
algorithm. The system first identifies delay taps from the power delay profile of each snapshot 
of the channel (usually 5 snapshots/wavelength). The delay resolution of the system is 33 ns, 
which corresponds to roughly 10 m difference in path lengths [127]. Within each delay tap, 
there may exist one or more multipath components separated by their directions of arrivals. 
The channel sounding system enables the separation of these multipath components as long as 
their angular separation is not less than 40º [127]. More closely spaced waves sum up as 
complex numbers, which causes uncertainty in the channel estimation. The accuracy of 
 44
channel estimation, and thus the accuracy of MEBAT, could be improved by adopting a more 
sophisticated channel estimation algorithm, such as the SAGE [128]. 
 
6.4 EMPIRICAL COMPARISON OF MULTI-ANTENNA CONFIGURATIONS 
 
6.4.1 General 
 
In recent years, many realistic internal multi-antenna configurations have been proposed for 
mobile terminals, e.g. [129]-[141]. The emphasis in SIMO system studies [129]-[135] has 
been usually on the evaluation of diversity gain; either directly or by means of envelope 
correlation and branch power difference. The effect of mutual coupling between the diversity 
branches of a multi-antenna configuration on total efficiency and envelope correlation has 
been studied e.g. in [136],[137]. The emphasis in MIMO system studies [138]-[141] 
conducted with realistic terminal antennas has usually been on the evaluation of capacity (or 
Bit Error Rate [141]), the correlation properties of the channel matrix, or the radiation 
efficiency of a multi-antenna configuration. In the papers above, and in many others, proper 
attention has usually not been paid for the actual power transferring properties, i.e. the 
effective gains, of the antenna configurations. The MEGs of single antenna elements have 
been considered by some papers [129]-[132],[140], but total effective gains have not been 
comprehensively studied and related to the other performance metrics. Furthermore, multi-
antenna performance has been typically validated experimentally only within one or two 
different propagation environments. 
 
In this work [P7],[P8], four realistic mobile terminal multi-antenna configurations, each 
having two internal antenna elements for diversity (see details from [P8]), were 
comprehensively studied with MEBAT in 12 measured urban, sub-urban and indoor 
environments. In addition to free space analysis, two of the antenna configurations were 
further evaluated in talk position beside head and hand models, resulting in total 72 different 
antenna configuration-environment-combinations. The emphasis in the work was put on 
experimental and theoretical evaluation of the power transferring properties of the multi-
antenna configurations, for which purpose median total received power6 [P7] and Effective 
Array Gain (EAG) [119],[P8] were used. Also envelope correlation, diversity gain, capacity, 
and eigenvalue dispersion were considered. According to the author’s knowledge, as 
extensive experimental studies as this work, conducted with realistic phone models and 
measured environments, have not been reported before in open literature. The main findings 
of [P7] and [P8] are discussed in the following sections. 
 
6.4.2 Diversity gain and envelope correlation 
 
Diversity gain: 
 
In [P7], the behavior of diversity gain was studied experimentally with realistic mobile 
terminal antenna configurations. From the results, a clear dependency between diversity gain 
and envelope correlation was observed. When envelope correlations increased from the range 
of 0.15-0.32 to 0.49-0.70, diversity gains decreased roughly 1 dB (with low branch power 
differences). Also the strong effect of branch power difference on diversity gain was clearly 
                                                 
6 In [P7], the term MRC MEG was used to describe the median SNR after maximal ratio combining, but here it is 
referred simply to as median total received power. 
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noticeable from the results. When branch power difference increased from roughly 0 dB to 
roughly 5 dB (envelope correlation 0.15-0.32), diversity gain decreased almost linearly from 
roughly 6.5 dB to roughly 4.3 dB. The behavior of the results agrees well with [105],[117]. 
 
In [P7], it was also considered useful to study the median total powers received by the studied 
antenna configurations. As an interesting observation, it was noted in [P7] that the antenna 
configurations which performed the best in terms of median total received power in fact 
performed the worst in terms of diversity gain. The result was in [P7] logically explained by 
the strong effect that branch power difference has on diversity gain. In general, an antenna 
configuration having low branch power difference, and thus high diversity gain, does not 
necessarily perform well in terms of total received power if its main lobes are badly oriented 
with respect to the arrival directions of incident waves. The distribution of total received 
power, or alternatively EAG, can be thus considered a more reliable tool than the traditional 
diversity gain when studying the power transferring properties of multi-antenna terminals 
under realistic channel conditions. 
 
Envelope correlation: 
 
In [P8], the average (over the studied environments) envelope correlations of the antenna 
configurations were both in the SIMO and MIMO systems fairly close to each other, and 
reasonably low. Thus, envelope correlation as a performance metric was not considered to 
have significant impact on the relative performance between the antenna configurations. One 
should note, however, that it may be possible to further decrease the envelope correlations by 
e.g. rearranging the antenna elements with respect to each other and the chassis of the 
terminal, as indicated by the results of [137]. Of course, the bandwidths of the antenna 
elements also need to be considered. Strong coupling to the wavemodes of the chassis, and 
thus higher bandwidths, can be achieved only on top of certain areas of the chassis, which is a 
limiting factor in antenna positioning. Also the presence of the user’s head and hand 
complicate the design of low-correlation antenna configurations. The head and hand 
significantly affect the polarization, directivity and orientation of the main lobes of a radiation 
pattern, which typically leads to increased envelope correlation compared to free space [P8]. 
 
6.4.3 Effective Array Gain 
 
Theoretical estimation of EAG: 
 
In [P8], the EAGs of several antenna configurations were studied both theoretically and 
experimentally. Fig. 6.2 presents as an example the EAGs obtained experimentally with 
MEBAT in the studied eight SIMO systems. A theoretical estimate for the median (50% 
cumulative probability) EAGs was obtained by modifying the well-known theoretical formula 
of MEG [116] to account for multi-antenna reception: 
( ) ( )[ ] ( ) ( ) ( )[ ] ( ) Ω⎟⎠⎞⎜⎝⎛ ΩΩ+Ω++ΩΩ+Ω+≈ ∫ dpGGXPRpGGXPRXPREAG  1 11 2121%50 φφφθθθ , (6.4) 
where G1θ / G2θ and G1φ / G2φ are the θ- and φ-polarized components of the realized gain 
patterns of diversity branches 1 and 2, XPR is cross polarization ratio, and pθ and pφ are the 
angular power distribution functions of incident θ- and φ-polarized plane waves, respectively. 
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Figure 6.2, The Effective Array Gains (EAG) of antenna configurations A1-A4 in eight SIMO 
environments at (a) 1% and (b) 50% (median) cumulative probability levels. Marking “HH” 
denotes that the user’s head and hand have been included in the calculations. 
 
In [P8], the angular power distribution was assumed uniform in azimuth. Three elevation 
power distributions were considered: a uniform distribution, a double-exponential distribution 
[114], and a rectangular distribution [P8]. The uniform distribution assumes that incident 
power arrives equally from all directions. The double-exponential distribution [114] assumes 
that most of the indicident power is concentrated on elevation angles slightly above the 
azimuth plane. The rectangular distribution [P8] assumes that the incident power is equally 
distributed inside the elevation angle range of 50°≤ θ ≤108°. In the coordinate system, θ = 90° 
represents the azimuth plane and θ = 0° the upper pole of a sphere. The elevation angle range 
defined above has been obtained from the measurement-based double-exponential distribution 
[114] by calculating the elevation angle range inside of which 99% of the incident signal 
power is concentrated. One should note that the use of the rectangular distribution 
corresponds simply to computing the total power that a multi-antenna configuration radiates 
within the defined angle range. The contribution of the theta- and phi-polarized components 
of the antenna configuration’s radiation pattern on the radiated power is defined by the XPR. 
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In [P8], the theoretical EAGs obtained with the rectangular and double-exponential 
distributions agreed fairly well with the average (over several environments) median EAGs 
obtained experimentally with MEBAT. The uniform distribution, instead, clearly failed in 
predicting the experimental results, as expected. It was also shown in [P8] that the EAGs 
estimates obtained with the rectangular distribution ranked the antenna configuration perfectly 
in the same order as the experimental results; both in the SIMO and MIMO cases. The 
uniform and double-exponential distributions, on the contrary, failed in predicting correctly 
the relative ranking. It can be thus concluded that Eq. (6.4) applied with the rectangular 
distribution provides an accurate and fast way of estimating the average power transferring 
properties of mobile terminal multi-antenna configurations. 
 
EAGs in free space: 
 
In free space, the main lobes of the antenna configurations where mainly vertically polarized 
and almost omnidirectional in azimuth (see [P8]), obviously due to the strong contribution of 
the dipole-type wavemodes of the chassis. The largest differences in the average EAGs (black 
circles in Fig. 6.2) were caused by differences in the directions of the main lobes. The lowest 
average EAGs were generally obtained with antenna configurations (A2 and A3), whose main 
lobes were pointing below the azimuth plane. The highest average EAGs were obtained with 
antenna configurations (A1 and A4), which radiated also above the azimuth plane. The result 
is logical, as most of the incident signal power is in microcell and macrocell environments 
typically concentrated on elevation angles above the azimuth plane [114]. 
 
In [P8], the isolation between the antenna elements of A2 was fairly low, only 5.3 dB. 
Therefore, its total efficiency was 0.6 dB to 1 dB lower than those of the other antenna 
configurations, which had clearly higher isolation (> 12 dB). Such small differences in total 
efficiencies, however, were found to have no significant effect on the EAGs. The result is 
expected; total efficiency is related to total radiated power, whereas EAG accounts for the 
radiation of an antenna only in the directions from which most of the signal power arrives. 
 
EAGs in talk position: 
 
When antenna configurations A3 and A4 were placed in talk position beside head and hand 
models (below denoted as A3HH and A4HH), their main lobes became very narrow, mainly 
horizontally polarized, and oriented towards the azimuth plane or slightly above it (see [P8]). 
Due to the losses caused by the head and hand models, furthermore, the total efficiencies of 
A3 and A4 decreased significantly (2.6 dB to 5.5 dB) from the free space values.  
 
In the SIMO systems, where vertically polarized transmit antennas were used, the median 
(50%) EAGs obtained in talk position were clearly lower than those obtained in free space 
(see Fig. 6.2 (b)). The result can be logically explained by the low total efficiencies and 
wrong (horizontal) polarizations of A3HH and A4HH. In the MIMO systems, where both 
vertically and horizontally polarized transmit antennas were used, the median (50%) EAGs 
were roughly at the same level both in talk position and in free space. Obviously, A3HH and 
A4HH benefited from the use of the horizontally polarized transmit antennas. 
 
In addition to the polarizations and orientations of the main lobes, also the widths of the main 
lobes were in [P8] noticed to have a strong effect on the EAG results, especially at the 1% 
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cumulative probability level. With a very narrow main lobe, as in the case of A3HH and 
A4HH, the probability of receiving only weak signal becomes high, which degrades EAG at 
low cumulative probability levels (see Fig. 6.2). At 50% cumulative probability, however, an 
antenna having a narrow pattern can obviously perform very well if its main lobes are well 
oriented and polarized with respect to the angular power distribution and polarization of 
incident signals. 
 
Comparison with an ideal isotropic antenna: 
 
By examining the sign and the value of EAG, it can be found that how a multi-antenna 
configuration performs against an ideal isotropic antenna. In the SIMO systems considered in 
[P8], the average (over the environments) EAGs were mainly positive at the 1% cumulative 
probability and negative at the 50% cumulative probability (see Fig. 6.2). The positive sign at 
the 1% level is expected, as the studied antenna configurations have the advantage of 
diversity combining (gain) over the single reference antenna. At 50% level, the reference 
antenna performed better than the multi-antenna configurations. The result is partly explained 
by the fact that diversity combining provides the largest benefit at low cumulative 
probabilities, i.e. against channel fading. In addition, the single isotropic antenna simply 
radiates more than the multi-antenna configurations (with vertical polarization) to the 
directions from which most of the signal power typically arrives. This can be seen from the 
theoretical EAGs obtained with the rectangular distribution.  
 
In the MIMO systems considered in [P8], the average EAGs were negative at both 1% and 
50% cumulative probability levels. Obviously, the isotropic antenna radiating equally with 
vertical and horizontal polarizations performs very well when dual-polarized transmit 
antennas are used. The main lobes of the multi-antenna configurations, on the contrary, are 
not perfectly polarized and oriented with respect to the incident signal power. 
 
An ideal multi-antenna configuration:
 
Whereas it is very difficult to provide any physical design instructions for a multi-antenna 
configuration, some general guidelines on optimum antenna characteristics can be derived. 
First, total efficiency should be maximized, mainly by means of traditional antenna design. 
The isolation between diversity antennas may be improved e.g. by the method described in 
[136]. Second, the main lobes of the antenna configuration should be oriented towards the 
azimuth plane, or slightly above it. The polarizations of the main lobes should be selected 
according to the polarizations of the transmit antennas. Following the above guidelines should 
provide high median EAG for the multi-antenna configuration. Third, the main lobes of the 
diversity antennas should cover as effectively as possible the whole azimuth plane without 
significantly overlapping with each other. Effectively omnidirectional pattern should provide 
high EAG at low cumulative probabilities [P8]. Due to the non-overlapping main lobes, also 
envelope correlation should be low [141],[142]. 
 
One should note that the optimum antenna characteristics most likely cannot be realized in 
practice. Firstly, the radiation properties of mobile terminal antennas are often significantly 
affected by the wavemodes of the chassis, which cannot be easily influenced. Furthermore, 
the optimum antenna characteristics should be obtained in the actual use position of the 
device. As is well known, the user’s head, hand, and other body parts absorb radiation 
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significantly in certain directions. Also, the exact use position depends largely on the user. 
Optimum antenna characteristics, however, are worth of pursuing and provide a direction in 
to which aim. 
 
6.4.4 Capacity and eigenvalue dispersion 
 
Eigenvalue dispersion:
 
The average (over the studied environments) eigenvalue dispersions obtained in [P8] with the 
different antenna configurations were all nearly equal, both in free space and in talk-position. 
A possible explanation for this was found from the nearly equal envelope correlation 
coefficients. The result suggests that it may be difficult to affect the spatial multiplexing 
properties of a MIMO system by means of antenna design, at least as far as realistic channel 
conditions and realistic mobile terminal antennas are considered. In [118], significant 
differences were found between the eigenvalue dispersions obtained with several different 
MIMO antenna configurations, but the antennas used were ideal dipoles. 
 
Capacity:
 
In [P8], a clear dependency was observed between the average EAGs and the average 
capacities of the antenna configurations. At 1% cumulative probability, A1 distinguished 
from the other antenna configurations with its higher average capacity. Clearly the lowest 
average capacities were obtained in talk position (A3HH and A4HH). At 50% cumulative 
probability, A1 again performed clearly the best, whereas the average capacities of the other 
antenna configurations were closer to each other. Very similar trends were noticeable in [P8] 
also in the EAG results. It was thus concluded that a mobile terminal antenna designer should 
mainly focus on maximizing the power transferring properties, i.e. the EAG, of a multi-
antenna configuration. The result is expected, as the eigenvalue dispersions of the antenna 
configurations were nearly equal. 
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7 Summary of publications 
[P1] Coupling element based mobile terminal antenna structures 
This paper presents a comprehensive study on coupling element based mobile terminal 
antenna structures. The purpose is to increase general understanding on the optimum tuning 
and design, as well as on the main benefits and drawbacks of coupling elements. Based on 
MoM simulations, general optimization rules are first derived for capacitive coupling 
elements. Several optimized prototype antennas are designed and their performance is 
compared with conventional PIFAs. The results demonstrate that the bandwidth-to-volume 
ratio of mobile terminal antennas can be significantly improved by using optimized coupling 
elements instead of self-resonant PIFAs. The results also show that optimization of coupling 
to the wavemodes of the chassis results in an increased SAR and decreased radiation 
efficiency in talk position. Finally, a novel way of studying the relative bandwidth of the 
combination of a coupling element and a chassis as a function of frequency is demonstrated. 
[P2] Optimum dual-resonant impedance matching of coupling element based mobile 
terminal antenna structures 
This paper presents a theoretical study on optimum dual-resonant impedance matching of 
coupling element based antenna structures. Explicit design equations are first derived and 
given for a matching network, which is optimized for non-resonant antenna structures in 
terms of circuit complexity. The presented design equations are after this demonstrated to 
work well when applied with a realistic coupling element based antenna structure. The results 
indicate that the input impedance of a non-resonant coupling element can be approximated 
with an adequate accuracy by a series-RLC equivalent circuit. 
[P3] A coupling element based quad-band antenna structure for mobile terminals 
This paper presents a novel coupling element based quad-band antenna structure for mobile 
terminals. The antenna structure is able to cover the frequency bands of the GSM850,  
E-GSM900, GSM1800 and GSM1900 systems with at least 6 dB return loss and high 
radiation efficiency (≥ 75% in free space). Two optimally shaped and located coupling 
elements are used, one for the lower GSM bands and one for the higher GSM bands. The 
coupling elements have a very low profile (4 mm) and they occupy a record-low total volume 
of only 0.7 cm3. A single-feed matching circuitry is used to produce dual-resonant matching 
for the lower and upper bands. The antenna structure meets the European SAR requirements.  
[P4] Radiation characteristics of antenna structures in clamshell-type phones in wide 
frequency range 
In this paper, the radiation characteristics of the wavemodes of the chassis of a clamshell 
phone are studied systematically over wide frequency range (0.6 GHz - 3 GHz) with the help 
of coupling elements. At first, the resonant frequencies of the first three dipole modes of the 
chassis are identified from the simulated and measured input impedances of a prototype. After 
this, the bandwidth potentials of the resonant modes are studied by investigating bandwidth as 
a function of frequency. The closed position of the clamshell phone is demonstrated to be 
problematic for an antenna designer, mainly due to the non-radiating type λ/2-resonance of 
the chassis, which is located close to the E-GSM900 system band. In order to improve the 
 51
performance of the antenna structure in the closed position of the phone, a novel low-loss 
frequency tunable dual-resonant matching circuitry is proposed and studied by simulations. 
[P5] A wideband study of the bandwidth, SAR and radiation efficiency of mobile 
terminal antenna structures 
In this paper, the bandwidth, efficiency in talk position, and SAR of mobile terminal antennas 
are studied as a function of frequency from 0.6 GHz to 6 GHz. Two coupling element based 
antenna models are studied by simulations in free space and in talk-position beside a head 
model and two different hand models. The results confirm that an increase in SAR and 
decrease in radiation efficiency occur when bandwidth reaches its maximum due to a 
resonance of the chassis. However, this trend is shown to be invalid above 3 GHz, in which 
region the wavemodes of the coupling element become dominant. It is also demonstrated that 
the user’s hand can influence significantly the resonant frequencies of the chassis wavemodes. 
[P6] Evaluation of the performance of multiantenna terminals using a new approach 
In this paper, a novel measurement based antenna test bed (MEBAT) is introduced and its 
accuracy is thoroughly evaluated. The idea of MEBAT is to combine the complex 3-D 
radiation patterns of an antenna configuration with a measurement-based estimate of the radio 
channel. The accuracy of MEBAT is evaluated by comparing the results obtained from it with 
the results obtained from direct radio channel sounding measurements. It is demonstrated that 
MEBAT provides an accurate way of estimating diversity gain in SIMO systems, and 
capacity and eigenvalue dispersion in MIMO systems. 
[P7] Advances in diversity performance analysis of mobile terminal antennas 
In this paper, the diversity characteristics of several mobile terminal multi-antenna 
configurations are studied in eight measured environments with MEBAT. The results confirm 
that diversity gain increases when envelope correlation or branch power difference decreases. 
The results also show that the traditional diversity gain is not an adequate performance metric 
for characterizing the power reception properties of multi-antenna configurations in real 
environments. An antenna configuration performing the worst in terms of diversity gain is 
demonstrated to perform the best in terms of median total received power. 
[P8] Performance analysis and design aspects of mobile terminal multi-antenna 
configurations 
This paper presents a comprehensive analysis of in total 72 different antenna configuration-
environment combinations. The motivation is to identify the multi-antenna characteristics that 
are relevant for the obtained SIMO or MIMO system performance. The emphasis is put on the 
evaluation of the power reception properties, i.e. the effective array gains (EAG), of the multi-
antenna configurations. Also total efficiencies, envelope correlations, capacities, and 
eigenvalue dispersions are considered. The effects various properties of radiation patterns on 
EAG are first identified. It is shown that the median EAG of an antenna configuration can be 
estimated rather accurately by theoretical means. The results indicate that it may be difficult 
to affect the spatial multiplexing properties of a MIMO system by means of handset antenna 
design, and that mobile terminal antenna designer should mainly focus on maximizing the 
EAG. 
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8 Conclusions 
 
The work done in this thesis can be divided into two parts. The first part studies 
miniaturization and performance enhancement of mobile terminal antennas 
[P1],[P2],[P3],[P4], and the effect the chassis of a mobile terminal on various important 
antenna-related parameters [P4],[P5]. The second part of the thesis [P6],[P7],[P8] 
concentrates on performance evaluation of mobile terminal multi-antenna configurations. 
 
One of the main purposes of this thesis has been to increase general understanding on the 
main benefits, drawbacks, and application areas of coupling element based mobile terminal 
antenna structures. The idea behind coupling elements is simple; the coupling element, such 
as a capacitive patch, is optimized so that it couples as strongly as possible within a certain 
volume to the dominant wavemodes of the chassis, which maximizes bandwidth. On the 
contrary to self-resonant antenna elements, impedance matching is done entirely with a 
separate matching circuitry. The work started with a systematic mapping of those areas of a 
chassis, which enable strong coupling to the wavemodes of the chassis [P1]. Based on the 
results, guidelines for the optimum shaping and placement of patch-type coupling elements 
were given. In order to identify the main benefits and drawbacks of coupling element based 
antenna structure, several optimized single-resonant prototype antennas were designed, and 
their performance was compared with that of conventional PIFAs [P1]. The results showed 
that the improvement in the bandwidth-to-volume ratio of an internal antenna structure can be 
multifold when optimized coupling elements are used instead of conventional self-resonant 
PIFAs. The trade-off of increasing coupling to the wavemodes of the chassis, i.e. maximizing 
the bandwidth-to-volume ratio, was found to be increased SAR and decreased radiation 
efficiency in talk position. Nevertheless, the SAR values of the prototype antennas fulfilled 
the European SAR requirements. It was finally concluded that coupling elements offer a 
competitive alternative for conventional self-resonant antennas. 
 
The next logical step was to extend the scope from single-resonant antenna structures to 
coupling element based multi-resonant and multi-band antenna structures. Optimum dual-
resonant impedance matching of coupling elements was theoretically studied in [P2]. Explicit 
design equations were derived for a matching network, which can be used for tuning non-
resonant series-type RLC loads optimally into dual-resonance with a minimum circuit 
complexity. The usability of the design equations was tested with a realistic coupling element 
based antenna structure. The matching networks generated by the presented theory produced 
nearly optimum dual resonant matching for the studied coupling element. In this work, also a 
novel coupling element based quad-band antenna structure was reported [P3]. The antenna 
structure is capable of covering the frequency bands of the GSM850, E-GSM900, GSM1800 
and GSM1900 systems with at least 6 dB return loss and high radiation efficiency (≥ 75% in 
free space). The coupling elements have a very low-profile (4 mm) and they occupy a total 
volume of only 0.7 cm3, thus making the structure suitable for the thin terminal devices of the 
future. According to the author’s knowledge, it is the first published coupling element based 
antenna structure capable of the above-described performance. In this thesis, also a novel 
frequency tunable dual-resonant matching circuitry optimized with respect to efficiency was 
designed for coupling elements [P4]. It was demonstrated at the E-GSM900 band by 
simulations that the proposed matching circuitry provides clearly larger total efficiency than a 
passive reference matching circuitry. Building of a prototype and measuring of its most 
important characteristics, including distortion, would be the next steps to proceed with.  
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The effect of the chassis of a mobile terminal on the bandwidth, efficiency in talk position, 
and SAR of the antenna structure has been conventionally studied with self-resonant antenna 
elements at single frequencies by changing the physical dimensions of the chassis. In this 
thesis [P1],[P4],[P5], the above parameters were investigated as a function of frequency by 
using coupling elements. The results of a wideband study (0.6 GHz to 6 GHz) [P5] confirmed 
that an increase in head SAR and a decrease in talk position efficiency occur when bandwidth 
reaches its maximum due to a resonance of the chassis. This general trend was demonstrated 
to apply below 3 GHz, in which region the global head SAR maximum was caused by the 
wavemodes of the chassis. Above 3 GHz, the behavior of the SAR and efficiency were 
determined by the wavemodes of the coupling element. It was also shown that the user’s hand 
can significantly influence the resonant frequencies of chassis modes, which obviously should 
be considered when studying the bandwidths of mobile terminal antennas. The results 
additionally demonstrated that although optimally shaped and located coupling elements are 
used for exciting the wavemodes of the chassis, the SAR values stay at acceptable level over 
wide frequency range. 
 
In this thesis [P4], coupling elements were also used to study the radiation properties of the 
wavemodes of the chassis of a clamshell phone, and the effect of opening and closing a 
clamshell phone on antenna performance. Both simulated and measured results were 
presented. The radiation properties of the chassis wavemodes were studied by investigating 
bandwidth and radiation efficiency as a function of frequency. The half-wavelength resonant 
mode of the chassis, located somewhat below the E-GSM900 band, was shown to be of non-
radiating type in the closed position of the phone. The existence of the non-radiating 
resonance and also otherwise inherently narrow bandwidth in the closed position were 
considered to pose a challenge to the implementation of high-efficiency antennas for the  
E-GSM900 band. The results also suggested that it may be difficult to optimize the 
performance of an antenna structure simultaneously for the open and closed positions of a 
clamshell phone by only passive means. Impedance matching, for example, was demonstrated 
to vary notably as the mechanical use position of the clamshell phone was changed.  
 
The second part of this thesis started with an evaluation work of a novel measurement based 
antenna test bed (MEBAT) [P6]. The accuracy of MEBAT was studied comprehensively by 
comparing the results given by it with those obtained from direct radio channel 
measurements. It was demonstrated that MEBAT provides an accurate way of estimating 
diversity gain in single-input single-output (SIMO) systems, and capacity and eigenvalue 
dispersion in multiple-input multiple-output (MIMO) systems. Next, the performance of 
several mobile terminal multi-antenna configurations were thoroughly investigated in several 
previously measured environments with MEBAT [P7],[P8]. An extensive set of in total 72 
different antenna configuration-environment combinations was considered. The motivation 
was to identify the characteristics of a multi-antenna configuration that are relevant for the 
obtained performance. The results confirmed that diversity gain increases when envelope 
correlation or branch power difference decreases. The results also showed that the traditional 
diversity gain is not an adequate performance metric for characterizing the power reception 
properties of multi-antenna configurations under realistic channel conditions. Thus, the so-
called effective array gain (EAG) was taken into use. Based on a comprehensive analysis of 
the EAG results, guidelines for optimum radiation pattern characteristics were given. It was 
concluded that the pattern of a multi-antenna configuration should be effectively 
omnidirectional, which, however, can be difficult to realize in practice due to the influence of 
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the user’s head and hand among others. Also, it was demonstrated that the median EAG of an 
antenna configuration can be estimated rather accurately by theoretical means. The eigenvalue 
spreads obtained with different antenna configurations in the MIMO systems were nearly 
equal and capacities were strongly affected by the EAGs. The results indicated that it may be 
difficult to affect the spatial multiplexing properties of a MIMO system by means of handset 
antenna design, and thus an antenna designer should mainly focus on maximizing the EAG. 
 
This thesis provides novel and useful information for the design of mobile terminal antenna 
structures. It has been demonstrated how the bandwidth-to-volume ratio of the combination of 
a coupling (or antenna) element and a solid chassis can be maximized by optimizing coupling 
between the wavemodes of the exciting element and the chassis. The next logical step would 
be to study how the electrical properties of the chassis can be tuned and controlled in such a 
manner that the bandwidth-to-volume ratio is further improved. The chassis plays an 
important role also in case of mobile terminal multi-antenna configurations. The 
polarizations, directivities and orientations of the main lobes of a multi-antenna configuration 
are at current cellular frequencies strongly affected by the wavemodes of the chassis. Further 
work is required to find ways of controlling the wavemodes of the chassis and the antenna 
element in such a away that optimum radiation pattern characteristics would be approached in 
the actual use positions of the device. 
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